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SUMMARY 
Theoretical and experimental results are presented for the mas;.i-
transfer rates of a solid material A (naphthalene) subliming, at low 
mass-transfer rates, from the isothermal wall of a horizontal, cylin-
drical pipe into air flowing laminarly through the pipe with simultaneously 
developing velocity and concentration profiles. 
Theoretical results were calculated, under certain restrictions, 
from the continuity equation of A using velocity profiles for the entrance 
length derived by Langhaar (l4). A finite difference scheme was used to 
approximate the continuity equation of A. 
Local mass-transfer rates were obtained experimentally at four 
angular positions along the length of a six foot, 2-inch Sch. k-0 steel 
pipe coated with naphthalene, by measuring the local thickness decreases 
of the naphthalene coating. The experimental runs were made at 50°C,) 55°C° 
56 °C, and 60°C (corresponding to Sc = 2.H-) with air flow rates correspond-
ing to Reynolds numbers of approximately 500 to 2000. The experimental 
local mass-transfer rates showed that: (a) free-convection due to density 
differences was not negligible, (b) there was a dependency of local mass-
transfer rates on angular position, and (c) there was a rapid fall-off of 
mass-transfer rates at the exit end of the test pipe due to some factor 
that was not taken into account in the theoretical development. However, 
the effects mentioned in (b) and (c) were not observed for average mass-
transfer rates calculated from, local values by numerical integration. 
Overall mass balances obtained by weighing the coated test pipe before and 
X I 
after the mass-transfer runs agreed} within an average deviation of ± 20 
per cent, with results obtained from thickness decrease measurements. 
A comparison of theoretical and experimental results showed that 
the mathematical model developed from the continuity equation of A satis-
factorily predicts the mass-transfer rates. The average theoretical mass-
transfer Nusselt numbers were expressed by the equation 
k r . O.Ol^l1 ' |_z/D J 
' N u A J =
 A>? " = 1.83 + 
' ^ G * A B r«^.10.8 
1 + O.OI39 
[ReScT 
for values of ReScD/z < 1000 to within ± 2 per cent. The average mass-
transfer coefficients calculated from the above equations are used in. 
the equation 
(Y Y ) 
k A__/ AbL " Abo' 
10 - x>m S T 5-A 
In 
XA -XA1_ " Aw Abo 
XAw"XAbLp 
to determine the average mass-transfer rate *W . Due to free-convection 




m Indicates mean or average value 
loc Indicates local value 
w Indicates quantity is at pipe wall 
A Component A 
B Component B 
b Bulk condition 
2m Log-mean 
o Refers to inlet condition 
L Refers to outlet condition 
P 
j,n Quantity is evaluated at a mesh point (Equation (31)) 
Dimensionless Groups 
k , r 
x w 
Nu._. Nusselt number for mass transfer, ^ — 
A B Dvmp
 C<PAB 
Re Reyno lds number , 
U 
V P r P r a n d t l number , — 
k 
H 
Sc Schmidt number , r— 
AB 
Symbol 
a , & , a Coefficients of difference equation defined by equation (38) 
a, b Constants in equation {hQ) 
p 




A I n c r e m e n t a l m a s s - t r a n s f e r a r e a , cm 
Molar Coneent ra t ion , gm-moles/cc 
Dimensionless molar concen t r a t i on defined "by Equation (9) 
Heat c a p a c i t y , cal/gm-°C 
Eigenvalue used in equat ions (51) - (55) 
D i f f u s i v i t y of mass , cm / s e c 
Pipe d i a m e t e r , cm 
Evaporat ion r a t e , gm/cm-sec 
Height of d u c t , cm 
Mesh width 
Modified Bessel Function defined by equation (h6) 
p 
Mass- t ransfe r C o e f f i c i e n t , gm-moles/cm -sec 
Thermal c o n d u c t i v i t y , ca l / sec-cm-°C 
Mesh leng th 
Dimensionless l eng th defined by equat ion (12) 
To ta l l eng th of pipe , cm 
Hydrodynamic en t rance l e n g t h , cm 
Some leng th in hydrodynamic en t rance l eng th l e s s than L , 
Number of mesh p o i n t s in p ipe r ad ius 
Molecular weight , gms/gm-mole 
Molar f lux gm-moles/cm -sec 
To ta l p r e s s u r e , mm Hg 
Vapor p r e s s u r e , mm Hg 
Radius , cm 
Cylindrical coordinate system 
Dimensionless radius, defined by equation (10) 
Percentage saturation, defined by equation (2) 
XIV 
t. Thickness decrease, cm, in. 
v Velocity, cm/sec 
V Dimensionless velocity defined by equation (ll) 
V. Incremental volume , cm 
1 ' 
W Average mass - t r ans f e r r a t e , gm-moles/sec 
W Weight l o s s , gm 
X Mole f r a c t i o n 
x, y, z Car t e s i an coord ina te system 
Y Eigenvalue used in equat ions (51) - (55) 
Greek Symbols 
\|f Modified Graetz number, def ined by equat ion (3) 
p Tota l d e n s i t y , gm/cc 
p Bulk d e n s i t y of naphtha lene , gm/cc 
u Vi scos i ty , gm/cm-sec 
7 Dimensionless parameters for Langhaar v e l o c i t y p r o f i l e s 
a Dimensionless parameter defined by equat ion (1.6) 
A Mesh r a t i o , h /k 
A Eigenvalue used in equat ion (51) - (55) 
9 C - C .., gm-moles/cc 




Mass t ransfer is the leas t understood of the three transport 
processes of mass, momentum, and energy. Recently, increased in te res t 
and usage of processes involving mass t ransfer have necessi tated a be t t e r 
overal l understanding of mass transport phenomena in almost a l l of the 
engineering d i sc ip l ines . Examples of such processes are combustion of 
l iquid and solid fuels , ion exchange and isotope separation methods, 
t ranspi ra t ion cooling, and rocket nose-cone ab la t ion . In addi t ion, mats-
t ransfer ra te control is important in the chemical industr ies where prob-
lems of ca t a ly s i s , d i s t i l l a t i o n , absorption, extract ion, drying, and 
heterogeneous chemical reactions are involved. 
An increasing amount of work in the f ield of mass t ransfer has 
been done in recent years ( l ) , but most of t h i s work t reated already 
exist ing theory. A number of studies have been concerned with funda-
mental analyses of systems of well-defined physical geometry, including 
such areas as mass t ransfer from spheres at high Schmidt numbers (2) (5) 
(h) and from rota t ing disks (5 ) . Boundary-layer theory for mass-transfer 
processes in flow systems has received considerable a t t en t ion , but the 
studies have been concerned mainly with flow over f l a t p l a t e s . Relatively 
l i t t l e work has been done for mass t r ans fe r in pipes and ducts . 
In mass-transfer processes involving flow through pipes and ducts , 
the usual assumption made is that the veloci ty prof i le is fully developed 
at the entrance. However, considerable error may resul t by neglecting 
2 
the hydrodynamic entrance length. This error is greater for laminar flow 
than for turbulent flow since the velocity profiles develop slower in 
laminar flow than in turbulent flow. 
It was the purpose of this study to investigate mass-transfer 
rates in a horizontal, cylindrical pipe with isothermal, laminar through-
flow for the case where the velocity and concentration profiles are 
developed simultaneously. The physical system used was the sublimation 
of solid naphthalene from an isothermal pipe wall into air flowing in 
laminar flow. In the experimental portion of the study,the local mass-
transfer rates were measured along the length of the pipe at four positions 
such that symmetry deviations could be analyzed. A mathematical model to 
describe the transfer system was developed from the basic equations of 
change, and, by the use of simplifying assumptions, a numerical solution 
was obtained. Several brief reviews of recent investigations that are 
either related to this study or to periphery considerations are presented 
below. 
A number of theories have been proposed to predict the dependence 
r 
of the transfer coefficients on the rate of mass transfer. The film 
theory uses a simplified unidirectional transport model to predict the 
variation of the momentum-, heat-, and mass-transfer coefficients with 
mass-transfer rates. The main limitation of this approach is the assumed 
one-dimensional dependence of pressure, velocity, temperature, and con-
centration. The penetration theory predicts the dependence of the heat-
and mass-transfer coefficients on the rate of mass transfer assuming a 
f 
flat velocity profile near the interface. Hence, it is mainly applicable 
to the liquid phase in gas-liquid systems. The boundary-layer theory 
predicts the effect of mass transfer on the momentum-, heat-, and mass-
transfer coefficients using a two-dimensional laminar flow model. An 
excellent summary of these theories is given by Bird, Stewart, and 
Lightfoot (6). 
Sherwood and Trass (7) reported data on rates of sublimation mass 
transfer from an adiabatic, sharp-edged flat plate exposed to air streams 
at Mach numbers of O.kj, 2.0, and 3*5• To permit correlation and extrap-
olation of the data, they extended the theoretical analysis of heat 
transfer and friction by Deissler and Loeffler (8) to cover mass transfer, 
The data were obtained by measuring the thickness decrease of a naphtha-
lene coating applied to the surface of the flat plate. Since the experi-
mental work was concerned mainly with the turbulent flow region, the 
laminar flow data were not analyzed in detail but were compared to the 
Pohlhausen incompressible laminar heat-transfer solution modified to 
apply to mass transfer. From the meager results reported for laminar 
flow it appeared that the experimental values were higher than those 
predicted by the Pohlhausen equation. 
Measurements of local mass-transfer rates by sublimation fron the 
outer surfaces of hollow naphthalene cylinders to parallel laminar air 
streams were reported by Christian and Kezios (9)- The experimental 
results were found to be in. excellent agreement with the theoretical 
predictions of the laminar boundary-layer theory and were essentially 
identical with the corresponding values for flat surfaces. They con-
cluded that the effect of surface curvature as a determining factor in 
mass transfer was minor. 
4 
Butler and Plewes (10) and Plewes, Butler , and Marshall (11) 
derived theore t ica l re la t ions for the sublimation ra te of a solid 
material which formed the bases of square and f l a t ducts through which 
a i r was flowing laminarly. The development assumed: (a) there was no 
diffusion along e i ther the length or width of the duct, and (b) the 
var ia t ion in the p a r t i a l pressure of the a i r in the air-vapor mixture 
could be neglected, that i s , the mixture was d i l u t e . No experimental 
work was conducted in f l a t ducts . The experimental invest igat ions con-
ducted in a square duct were at flow conditions that placed the resu l t s 
beyond the range of t he i r theore t i ca l development and, therefore, the 
resu l t s were compared to Leveque's asymptotic equation applied to mass 
t ransfer . Leveque's equation as applied to mass t ransfer is 
S = 0.308 (— J ^ J v|r2/5 (1) 
P Vm ^ 7 
where 
EPT 
S = ~ percentage saturation of the (2) 
•p o 
* P nEv air leaving the solid bed M m 
and 
L *•> 
i|c - - — = a modified form of the (3) 
p ET v Graetz number 
K m 
The value of the veloci ty gradient used in equation ( l ) was found by 
solving the p a r t i a l d i f f e ren t i a l equation for the s teady-s ta te d i s t r i -
bution of ve loci ty in a s t r a igh t tube of uniform cross-sect ion, 
1 
%<% - i (?) 
by means of Southwell's (12) relaxation method. In equation (4) , c^ /£.: 
is the pressure gradient along the duct. The local, ve loc i t ies in the duct 
a* i V3 
were then numerically integrated to give 




. This method 
m 
8 :•-: I.b5^'3 (?) 
which is valid for l/\|r > 20. 
The experimental system was a 2.77 inch square duct 15 feet in, 
length. The subliming section was a 15 inch length of the bottom v a i l of 
the duct which could be removed and covered with a solid mater ia l . Sub-
limation ra tes were obtained by"weighing th i s section before and af te r a 
run. The materials used in the experimental work were campbene, acetaziide., 
camphor, phenol, p-dichloroben.zene, maleic anhydride, and naphthalene. 
The experimental r esu l t s of th i s work are shown in Figures 1, 2, and 3° 
The authors attempt to explain the deviation from the theore t i ca l by say-
ing that since the data can be plotted tfith the theore t i ca l slope but dif-
ferent in te rcepts , some factor other than v iscos i ty is invclved. They 
s ta te that while the divergence could be explained by errors .in the values 
of the diffusion coefficients and vapor pressure, the most p l aus i l i ^ 
explanation is s l i p a t the wal l . They suggested that i f the a i r in. d i rec t 
contact with the solid is moving, or s l ipping, there is an increased tend-
ency for the solids to sublime. According to the authors } the difference 
1.0 
0 . 1 
p 
0.01 1 
O Camphene - 35°C 
- ) - Acetamide - k^°C 
- - S = 1 . ^ 5 ^ 
F igure 1. Percentage S a t u r a t i o n of Air Leaving Bed 
Versus Modified. Grat-tz Number. Refererio r 
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Figure 2. Percentage Saturation of Aiz* Leaving Bed 
Versus Modified Graetz Number. References 
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Figure 3 . Percentage S a t u r a t i o n of Ai r Leaving Bed 
Versus Modified Graetz Number. References 
(1.0) and ( 1 1 ) . 
9 
in the behavior of each solid could be explained by the var ia t ion in s l i p -
page among the compounds. Since the data could be plotted with the theo-
r e t i c a l slope, they concluded that t h i s fact lends support to the proposed 
theory and suggested that the percentage sa turat ion of solids .in viscous 
a i r streams in a given apparatus a t a given flow is proportional to the 
d i f fus iv i ty raised to the two-thirds power. 
The two-thirds power re la t ionship was duplicated by Linton and 
Sherwood (13) in experiments on the ra tes of solution of cast tubes. The 
t e s t objects included cast tubes, cyl inders , p l a t e s , and spheres of 
benzoic acid, cinnamic acid, and beta-naphthol. Rates of solution data 
were obtained by placing the t e s t objects in water flowing both in lami-
nar and turbulent flow. The resul t s a t low water ve loc i t i es agreed well 
with Leveque's equation applied to mass t r ans fe r . In turbulent flow, 
good agreement was obtained with the ChiIton-Colb urn predict ion involving 
the two-thirds exponent on the Schmidt group. The authors s t a t e that 
in view of the fact that the data represent a 1000-fold extension of 
the experimental range of the Schmidt number over previous investiga-
t ions , the agreement can be considered quite remarkable. 
1.0 
CHAPTER II 
DEVELOPMENT OF MATHEMATICAL MODEL 
A mathematical model was developed to determine mass-transfer 
rates for a material subliming, at constant temperature and at low mass-
transfer rates, from the wall of a horizontal, cylindrical pipe into a 
laminar air stream with simultaneously developing velocity and concen-
tration profiles. 
Consider an isothermal pipe, as shown in Figure k, internally 
coated with a solid material which sublimes slowly into an air stream 
flowing laminarly through the pipe. The air stream and coated surface 
are maintained at a constant temperature such that the composition is 
constant along the air-solid interface. The air enters the coated pipe 
of radius r with uniform velocity v and uniform concentration C. . The 
w m Ao 
boundary for the system then is the inside surface of a cylindrical tube 
of radius r and length z. Any point within the domain prescribed by the 
w 
boundary can be described in terms of the cylindrical coordinates r, 6, 
and z. Since this study is concerned with the entrance region, the 
analytical solution will terminate at a length down the pipe where the 
velocity profile can be considered nearly parabolic. 
The general equations of change for steady, laminar flow which 
describe the velocity, temperature, and concentration profiles are sim-
plified by imposing the following restrictions on the mathematical model. 
1. The fluid enters the pipe with uniform velocity and concen-
tration profiles. 
z = 0 
Volatile coating on wall maintains 
constant composition CATT at interface 




2. The system is isothermal and the concentration along the wall 
is constant. 
3. The total density and the physical properties of each phase 
are constant. 
k. Axial symmetry exists and v = 0. 
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5. Pressure is a function of z alone and the effects of gravity 
are negligible, 
6. The diffusion of mass and momentum in the axial direction are 
negligible, 
7. The mass transfer rate is small, 
8. The velocity profile is unaffected by mass transfer. 
The application of the above restrictions eliminates the energy equation 
and permits the continuity equation of A to be solved directly if the vel-
ocity profiles are known. The velocity profiles used in the continuity 
equation of A were those of Langhaar (1^) developed from the equation* 
of motion and continuity under restrictions consistent with those pre-
sented above. Attention can, therefore, be directed at a solution of 
the continuity equation of A. Under the above restriction*, the general 
continuity equation of A reduces to 
S CA dCJ 
- dr z dz AP 
r.2 
 1 A Q 
V . T j V -J :- W. 
S \ 1 3CA1 
+ -•x 2 r dr 
dr 
(£.) 
Equation (6) defines the concentration field in a cylindrical pipe as a 
function of radius r and length z for steady state corrective mass trans-
fer. If the velocity profiles were fully developed, the radial velocity 
would be zero and the term involving v would be eliminated. But, in the 
r 
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en t rance reg ion , the v e l o c i t y p r o f i l e i s es tabl ished, s imul taneous ly 'with 
the concen t ra t ion p r o f i l e and the r a d i a l v e l o c i t y i s f i n i t e . As pointed 
out by Kays (15) in h i s s tudy on heat t r a n s f e r , t he analogous r a d i a l 
v e l o c i t y term in heat t r a n s f e r i s of cons ide rab le importance nea r t he 
pipe en t rance but i t s magnitude i s reduced t o about t en per cent of the 
conduction terms a t RePrD/z --•- 1000» The importance of v r a p i d l y dimin-
ishes for RePrD/z < 1000 and. becomes n e g l i g i b l e for ReFrD/z - 100. There-
f o r e , for the analogous mass - t r ans f e r system s tud ied he re , the r a d i a l 
v e l o c i t y term i s ten per cent of t he d i f f u s i o n terms for ReScD/z - 3^00 
and becomes n e g l i g i b l e for ReScD/z = 3^-0. Since the v e l o c i t y i s n e a r l y 
developed a t ReScD/z - 40 , the r a d i a l v e l o c i t y term is important only for 
the f i r s t 1.2 per cent of t he en t rance l eng th and can, t h e r e f o r e , be 
neg l ec t ed . Neglect ing v , equat ion (6) becomes 







The boundary cond i t ions a r e 
c A ( r , 0) 
C A K , > Z ) 
:. ; 0 < r < r 
Ao — — w 
^Av; 
> 0 (3b) 
* V 0 ' 5> 
cTr 
- 0; z > 0 (3c) 
For ReScD/z values greater than 400, the last boundary condition is not 
unique only at the center line. However, it implies symmetry and is used 
thusly to obtain a solution to equation (7). Equation (7) can be put into 
Ik 
a more c o n v e n i e n t form by i n t r o d u c i n g t h e n o n - d i m e n s i o n a l v a r i a b l e s 
C* , "A " ° f (9) 
R - Y- (10) 
w 
V 
V ,-- — (1.1) 
V v ' 
m 
.. ^AB Z ... M z / D ) . , 
L ~ 2 ~ (ReSc) l l 2 ) 
m w 
E q u a t i o n (7 ) t h e n becomes 
d 2C* ± 1 dC* VdC'
c' , l z s 
+ D 3 5 - ^ - T f - U.3J 
SR2 R S f 
and the boundary conditions become 
Cw(R,0) - 0; 0 < R < 1 
C*(1,L) - 1; L > 0 (Ik) 
^j-;;-(0;L) 
3R"~ L > 0 
The dlinensicnl.ess velocity profiles used in. equation (13) were those 
derived by Langhaar for laminar flow velocity development in the entrance 
length of a straight pipe. These profiles are given by 
v„ ;in(7) - I (7R) 
V - — r= , ° (IS) 
m 2N • 
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where 7 is a function of a, and 
-f- = (Sc) (L) (16) 
r v 
w m 
Values of 7 and a are given in Table 1. 
Table 1. Dimensionless Parameters for the Langhaar 
Velocity Profiles 
7 a 7 
2.75 
a 
16.00 0.00137 0.0625 
14.50 0.00172 2.50 0.0715 
13.00 0.00222 2.25 0.0821 
12.00 0.00269 2.00 0.0947 
11.00 0.00332 1.85 0.1034 
10.00 0.00418 1.70 0.1132 
9.00 0.00S41 1.55 0.1241 
S.oo 0.00722 i.4o O.I.365 
7.00 0.00997 1.30 0.14.59 
6.50 0.01188 1.20 O.1560 
6.00 0.0143 1.10 O.1671 
5*50 0.0174 1.00 0.1795 
5.00 0.0214 0.90 0.1934 
4.50 0.0267 0.80 0.2091 
4.00 0.0335 0.70 0.2270 
3.50 0.0426 0.60 0.2479 
3.25 0.0483 0.50 0.2730 
3.00 0.0549 0.40 0.3040 
Substituting equation (15) into equation (13), .integrating, and applying 
the boundary conditions gives a solution for the concentration field in 
the entrance length as a function of R and L„ 
C* = f(R, L) 0 < R < 1; 0 < L < Le (17) 
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The molar f luxes and Nusse l t numbers for mass t r a n s f e r can now 
be determined using the concen t r a t i on p r o f i l e s to ob t a in the concent ra -
t i o n g r a d i e n t s a t t h e w a l l . The molar f lux N. r e l a t i v e t o s t a t i o n a r y 
coord ina tes i s given by F i c k ' s f i r s t law of d i f f u s i o n ( 6 ) . 
\ ' XA <rA + fy - C*>AB ^ A (18) 
Equation (18) can be solved for t h e l o c a l molar f lux of A a t t he wal l 
under r e s t r i c t i o n s 1 through 8_, and the assumptions t h a t t he s o l u b i l i t y 
of component B ( a i r ) in s o l i d m a t e r i a l A (naphtha lene) i s n e g l i g i b l e , 
X.< < 1, and C i s c o n s t a n t . 
(N ) ^ Aw'loc = - « 'AB & ) (19) 
w , z 
o r , in d imensionless form, 
(Vice 
^ A B (CAw " CAo> ¥) (20) R-1,L 
The dimensionless concen t r a t i on g r a d i e n t a t t h e wa l l i s obtained by d i f -
f e r e n t i a t i n g equat ion (17) and s e t t i n g R - 1. 
An average molar f lux for a pipe of l eng th £> (£ < L ) can be 
evaluated by i n t e g r a t i n g equat ion (20) over t h e l eng th 8, . 
<NAA' 
N Aw'loc dL 
i L 
/ ^ l o c dL (21) 
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The l o c a l , o n e - p h a s e m a s s - t r a n s f e r c o e f f i c i e n t f o r t h e l i m i t i n g 
c o n d i t i o n of s m a l l m a s s - t r a n s f e r r a t e s i s d e f i n e d by (6) 
x , l o c 
NA - XA (NA + N ) Aw A-vT Aw Bw 
XAw " XAb 
(22) 
Using e q u a t i o n ( 1 9 ) , e q u a t i o n (22) becomes 
k x , lo -c ( X A v "
 XAb> = 
> SCA 
AB cF~ 
r , z 
(23) 
P u t t i n g e q u a t i o n (23) i n t o d i m e n s i o n l e s s fo rm, t h e N u s s e l t number f o r 
mass t r a n s f e r a s a f u n c t i o n of t h e d i m e n s i o n l e s s b u l k c o n c e n t r a t i o r . and 
c o n c e n t r a t i o n g r a d i e n t i s 
( N u ) = -
x ' l o c ^ = 
K A B ; l o c P c \ 
U ^ A B 
dtf 
W R=l , L 
1 - C£ 
b 
(2*0 
where 1 - C 
°Aw " °Ab 
Aw Ao 




o w o 




v ( r , z ) r d r d 0 
z ' 
(26) 
Or, i n d i m e n s i o n l e s s form 
2rt 1 
j F V(R.,L)C* (R,L)RdRd9 
CAb = (CAw " CAo> S T — I W 
/ / V(R,L)RdRd0 
The average Nusselt number for mass transfer for a tube of length i 
is found by Integration of equation (2k) 
Si 
i ' e 
<NuAB>m = f- J <NuAB>loc d L (285 
e I"I o 
The average mass-transfer coefficients defined by equation (29) 
are used in equation (29) to determine the average molar mass-transfer 
rate for a cyl indrical pipe of length L 
U) = k (jtDL )(£XA, )„ (29) 
A x,m K p ' v Ab '£m " ' 
(here 
XAbL " XAbo 
^ A b V = (XA
P - Xflh ) '^ 
v Av Abo ' 
* (XAw " XAbL } 
P 
Proof that (AX ) , is the appropriate concentration difference for the 
mass-transfer coefficient defined by equation (28) is given in Appendix C 
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CHAPTER I I I 
SOLUTION OF THE MATHEMATICAL MODEL 
An e x a c t , c l o s e d form, g e n e r a l s o l u t i o n of e q u a t i o n (13) c o u l d 
n o t be o b t a i n e d due t o t h e c o m p l e x i t y of t h e v e l o c i t y t e r m V. Hence , an 
e x p l i c i t n u m e r i c a l scheme was u s e d . An e x c e l l e n t summary of t h i s method 
i s g i v e n b y K e l l e r ( 1 6 ) . The i n t e r e s t e d r e a d e r i s a l s o r e f e r r e d t o o t h e r 
works ( 1 7 - 2 0 ) f o r more d e t a i l e d and f o r m a l p r e s e n t a t i o n s . 
The c o n t i n u i t y e q u a t i o n of A i s a l i n e a r , s e c o n d - o r d e r , p a r a b o l i c 
d i f f e r e n t i a l e a u a t i o n . 
^ 2 ~ + R SIT - V3IT ^ 
A s o l u t i o n of e q u a t i o n (l/>) i s u n i q u e l y d e t e r m i n e d i n t h e r e g i o n G 
•: |~0 < R < 1 ; L > o l G: 
by specifying the boundary conditions. 
B.C. 1: C* (R,0) = 0; 0 < R < 1 
-.•#• B.C. 2: T (1,L) =•• 1; L > 0 (lh) 
B.C. 3: ^g- (0,L) :r: Oj L > 0 
The following analysis assumes that the solution determined has as 
many continuous derivatives as required (16). 
A net, or grid, is superimposed on the strip G 
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G, , : R . h , k L j = j h , j - 0 , 1 , 2 , ,M; L = nk, k 1 ,2 . . (31) 
where h = l/M. At each po in t (R. , L ) a q u a n t i t y U(R., L ) i s sought 
j i i j I.. 
which approximates t h e s o l u t i o n C*"(R., L ) of equat ions (13) and ( l 4 ) . 
J •'i 
The approximating q u a n t i t i e s U a r e determined as t he s o l u t i o n of a system 
of l i n e a r a l g e b r a i c e q u a t i o n s , t h e d i f f e r e n c e e q u a t i o n s . There is no one 
unique procedure by which the d i f f e r e n c e equat ions a re de termined, s ince 
each problem, r e q u i r e s s p e c i a l a t t e n t i o n . However, any system of d i f f e r -
ence equat ions must be r equ i red to have a s o l u t i o n which can be e f f e c t i v e l y 
computed and t h a t t h i s computed numer ica l s o l u t i o n , a t l e a s t for s u f f i -
c i e n t l y small h, k,and round-off e r r o r , be c lo se to t he exact s o l u t i o n , 
The r educ t ion of equat ion (13) to a s u i t a b l e f i n i t e d i f f e r ence 
approximation i s most e a s i l y e f fec ted by means of T a y l o r ' s s e r i e s - Con-
s i d e r a mesh of width h and l eng th k t o be superimposed over t he mathemati-
c a l model as shown in Figure 5 below. 
(R-AR,1 
R,Lt^ i ) 
) (*,L) fR+AR,L) 
o- l j ,1 + 1 
Figure 5. Grid Used to Approximate Mathematical Model 
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Since C* = f (R ,L) , f(R,L) may be expanded in a T a y l o r ' s s e r i e s about L 
for a f ixed value of R: 
C? R ,L + AL) = C*(R,L) + e L * ? + *g.if + *g.if+.... (32) 
dL dL 
2 
As long as AL is sufficiently small, terms of the order of AL and 
higher may be neglected, and a first approximation of (dC'/dL) is 
dC* C*(R,L + AL.) - C*(R,L) _ °*,n+l " C*,n , , 
dT~ " AL " k [^) 
Two Taylor s e r i e s expansions a r e needed t o ob t a in t h e f i r s t approx-
imation t o ^ C /dR • 
C*(R + AR,L) - C*(R,L) + AR | £ + *£ If + ^ £f 
x AR^ d V / , x J l N 
dR 
and 
C*(R-AR,L) = C*(R,L) ^ ^ S 2 ° * ^ a 3 ° * 
dR • 2 S R 2 6 dR3 
, AR4 o^C* 
^ dR 
. . . . (3^) 
4 I f equat ions (34a) and (54b) a r e added and terms of t he order of AR 
2 -x- / 2 
n e g l e c t e d , t he f i r s t approximation to $~C'/dR i s 
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d C = C*(R + AR,L) - 2C*(R,L) + C (R - AR,L) 
SR2 AR2 
c* - 2c. + c. n 
j + l , n J , n J - l , n 
h 2 
S i m i l a r l y , t h e f i r s t a p p r o x i m a t i o n t o dC /dR i s d e t e r m i n e d t o be 
dC* C*(R + AR,L) - C*(R - AR,L) C j f l , n " C j - l , n 
W 2AR 2h 
(35) 
(36) 
Substitution of equations (33), (35), and (36) into equation (13) yields, 
after rearranging, the difference equation 
C* A1 = a n C * + a 0 C * + a XC* 1 (37) 
j,n+l 1 j+l,n 2 j ,n 3 j - l , n 
where the mesh ratio A is defined as k/h and 
a2 = 1 - ^ (33) 
a3 = V I1 - 25 ) 
The boundary conditions of equation (1.4) are replaced by 
C * n = 0 (39a) 
CM,n " 1 - ° ( 3 9 b ) 
^C* - C* 
c * - l , n + l 2 , n + l ( } 
0,n+l "' 3 V 
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For t h e d i f f e r e n c e e q u a t i o n t o b e v a l i d , t h r e e c r i t e r i a must be 
m e t . These a r e c o n s i s t e n c y , c o n v e r g e n c e , and s t a b i l i t y . The d i f f e r e n c e 
scheme i s c o n s i s t e n t w i t h t h e d i f f e r e n t i a l e q u a t i o n p r o v i d e d t h a t t h e d i f -
f e r e n c e e q u a t i o n a c t u a l l y does a p p r o x i m a t e t h e d i f f e r e n t i a l e q u a t i o n ; i t 
i s c o n v e r g e n t i f i t s s o l u t i o n , a t l e a s t f o r a s u f f i c i e n t l y f i n e mesh, i s 
a c l o s e a p p r o x i m a t i o n t o t h e e x a c t s o l u t i o n of t h e d i f f e r e n t i a l e q u a t i o n ; 
and i t i s s t a b l e i f a n y c u m u l a t i v e e r r o r s i n t r o d u c e d a t t h e b o u n d a r y o r 
i n i t i a l l y r ema in bounded a s t h e c o m p u t a t i o n p r o g r e s s e s . A l s o , t h e p r o b -
lem of r o u n d - o f f e r r o r s must be c o n s i d e r e d . The d i f f e r e n c e scheme used 
t o a p p r o x i m a t e e q u a t i o n (1.3) s a t i s f i e s t h e p r o p e r t i e s of c o n s i s t e n c y , c o n -
v e r g e n c e , and s t a b i l i t y ( 1 6 ) p r o v i d e d t h a t 
1 - | > 0 (2*0) 
and 
1 - ^ > 0 (2+1) 
Equations (2*0) and (2*1) are actually restrictions on'the mesh size. Equa-
tion (2*0) states that, since R •= 1.0, h must be equal to or less than 1.0. 
However, once the mesh width is set, equation (2*1) dictates the length of 
"march step" which is allowed. The error-bound for this scheme is of the 
order of h (16). 
In the numerical calculations used for the solution of the differ-
ence equation, a mesh ratio of A = 0.10 with h = 0.10 was used. The numer-
ical accuracy of this mesh size was checked by employing a smaller mesh 
size, h --• 0.05. The difference in computed results between using ten 
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segments in the radius R and 20 segments was negligible and ten segments 
were deemed sufficient. 
At the initial boundary, n = 1, the concentrations and velocities 
are given for each mesh point. The initial dimensionless velocity is 1.0, 
and C"* is zero at all points except j = 10. Trouble at n = 1 and j = 10 
arises from the fact that the concentration is zero at an infinitesimal 
distance "upstream" and is 1.0 at an infinitisimal distance "downstream11 
of this point. The procedure used was to assign an average value of 0.5 
to C* and V-. n -, in order to start the computation. 
Langhaar velocities for n = 2 and j = 0,1,2 , 10 were first 
calculated. The values of a given in Table 1 can be expressed as 
a = LSc (42) 
where L = nk. 
From a knowledge of a, a value of y can be obtained for use in equation 
(15). However, to u t i l i z e the computer i t was convenient to reduce Table 
1 into the three equations 
7 = exp (1.4448 - 7.937c); a > 0.09^7 (43) 
7 = (0.1148 + 3.98a)"1 ; 0.09^7 > a > 0.0143 (44) 
7 = exp (2.895 - 0.415 ln(1000a) ) ; a < 0.0143 (45) 
The bessel functions of equation (15) were expressed in ser ies notation 
for use in the computer. The modified Bessel function is defined as 
i n ( r ) = i "
n J n ( i r ) (^6) 
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Using the known velocities at n = 1, j = 0,1,2...,10, the coeffi-
cients of equation (37) were calculated. At L = 0.200, ap becomes equal 
to zero, but since the profiles are nearly fully established at L = 0.100, 
numerical calculations are not required for L > 0.100. 
The concentrations at all n = 2 (except j = 0 and j = 10) could 
then be calculated from equation (57)- C* p was specified as 1.0 and 
C* was calculated from equation (59c)« The procedure was repeated for 
u,d 
the next inarch step and so on to L = 0.100. This procedure established 
the concentration field in the entrance length. 
Equation (20) was used to determine the molar flux at the wall for 
each length point. The diffusivity, the pipe radius, and the concentra-
tion at the wall were constant for a given temperature and run. The pipe 
radius used was that obtained from the experimental data. The concentra-
tion at the wall was calculated from the vapor pressure (7) assuming that 
the ideal gas law applied. 
r - P - exp (-8670.795/T + 26.^9965) . (h7) 
LAw ~ PT - (82.06)T (PT) ' ^
! ) 
[T] = ° K 
pT] = mm Hg 
The local mass-transfer Nusselt number was calculated from equation (2̂4-) 
with the bulk concentration calculated from equation (27) using Simpson's 
rule for the integration. In order to calculate the concentration gradient 
at the wall, it was assumed the concentration profile was parabolic near 
the wall. 
2.6 
CA = CAw + a(1"R) + b ( ! - R ) 2 (W 
The concentrations at R = 0.8 and 0.9 were used to evaluate the constants 
a and b. After differentiating, the slope at the wall was expressed in 
the following convenient computing equation 
^R~J _. = "5 L^CM-l,n " CM-2,n"3CM,n V+9) 
The numerical scheme was used to calculate the concentration field for 
L < 0.100. The Graetz equation applied to mass transfer was used to extend 
the results for L > 0.100. The mathematical derivation of the Graetz equa-
tion will not be dealt with here since it appears elsewhere in the liter-
ature (21), and only a brief outline will be presented. 
Assuming that the velocity is fully developed at z = 0, the dimen-
sionless velocity term can be expressed as 
V = 2(1 - R2) (̂ 0) 
S u b s t i t u t i n g t h i s i n to equat ion (7), and so lv ing wi th the a p p r o p r i a t e bound-
a ry c o n d i t i o n s , g ives the concen t r a t i on f i e l d as 
r = ) C I exp UA2 2 -4P-) = ) CY exp(-A2 L/2) (51J 9 Q ^ n n ^ I n D 2 y I [_, n n ^ n 
n= 1 ^ m / n -1 
The bulk concen t r a t i on i s 
P"7 
»§) 
^ / C 1 exp (- A^ L/2) 
n=l A 3 f n n V ^ y=i 
(52) 
and t h e s lope of t he concen t r a t i on p r o f i l e a t a p a r t i c u l a r L i s 
S9A 
3?" 
r °° • \ 
I °n U F L ^ ^ V ^ 
_n=l x / , y 
(53) 
The l o c a l molar f l u x , l o c a l m a s s - t r a n s f e r Nusse l t number, and mean mass-
t r a n s f e r Nusse l t number, defined by equat ions (20 ) , (2^) and ( 2 8 ) , r e -
s p e c t i v e l y , a r e 
£ 
(N ) k Aw ;loc 
AB o 
• - 00 
W Ln=l JrLexp ("A»L / 2 ) (5"0 
s? 
( N V l o c 
n=l 
C l - ^ j exp (-A^ L/2) 
n=l A 5 P 










M " 3 / n 





At p r e s e n t , only t he f i r s t t en e igenvalues (C , A , (oT /o1 ) , and 
(dY /o\\ )) of equat ions (5*0, (55)* a n ( i (56 ^ a r e a v a i l a b l e . These yers n n 
determined by Brown ( 2 2 ) . 
Theo re t i c a l r e s u l t s were obta ined by programming the numerical 
d i f f e r ence method and equat ions (5*0, (55 ) , and (56) us ing Brown13 
e igenvalues on a D i g i t a l computer loca ted a t t h e Rich E l e c t r o n i c Computer 
Center a t the Georgia I n s t i t u t e of Technology, A t l a n t a , Georgia. The p ro -
grams used for computation appear in Appendix B. They a r e w r i t t e n in 
the Burroughs v e r s i o n of Algo l . The computer employed for the c a l c u l a -
t i o n s was a Burroughs 220 machine wi th a 5,000-word memory and a u x i l i a r y 
magnetic t ape s to r age u n i t s . 
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CHAPTER IV 
EQUIPMENT AND INSTRUMENTATION 
M a s s - T r a n s f e r S y s t e m . - - T h e e x p e r i m e n t a l t e s t s y s t e m i s shown s c h e m a t i -
c a l l y and p i c t o r i a l l y in F i g u r e s 6 t h r o u g h 1 0 . The t e s t p i p e was a 7 2 . 0 
i n c h l e n g t h of two i n c h s c h e d u l e ko s e a m l e s s s t e e l p i p e w i t h 5*1-25 i n c h 
d i a m e t e r s l i p - o n t y p e f l a n g e s we lded t o each e n d . The t e s t p i p e was 
b o l t e d t o t h e i n l e t p lenum chamber and t h e e x i t s e c t i o n s w i t h s i x j / 8 -
i nch b o l t s . T e f l o n g a s k e t s we re used t o i n s u r e a g a i n s t l e a k a g e . The 
i n l e t p lenum chamber was c o n s t r u c t e d of l / 2 - i n c h p lywood . A b e l l - s h a p e d 
e n t r a n c e t o t h e t e s t p i p e , made from l a m i n a t e d mahogany,, was i n c l u d e d a s 
an i n t e g r a l p a r t of t h e i n l e t plenum chamber . The t e s t a i r e n t e r i n g t h e 
chamber was d i f f u s e d by a w i r e s c r e e n . The e x i t p lenum chamber was c o n -
s t r u c t e d s i m i l a r t o t h e i n l e t chamber . However, when p r e l i m i n a r y r u n s 
i n d i c a t e d t h a t n a p h t h a l e n e was d e p o s i t i n g i n s i d e t h e e x i t chamber i t was 
r e p l a c e d by a s t r a i g h t l e n g t h o f t w o - i n c h p i p e w i t h a f l a n g e a t one end 
d e s i g n e d t o mate w i t h t h e t e s t p i p e f l a n g e . P r e s s u r e t a p s were l o c a t e d 
in t h e i n l e t and e x i t chambers such t h a t chamber a i r p r e s s u r e and p r e s s u r e 
d r o p measuremen t s c o u l d be measured w i t h an i n c l i n e d manomete r . An i n s u -
l a t e d a i r b a t h chamber , 17 b y 18 by 97 i n c h e s , was c o n s t r u c t e d from l / 2 -
i n c h plywood t o house t h e i n l e t and e x i t p lenum chambers and t e s t p i p e . 
The f r o n t p a n e l was r emovab le t o p r o v i d e e a s y a c c e s s t o t h e p lenum cham-
b e r s . Rubber g a s k e t m a t e r i a l was used t o s e a t t h e f r o n t p a n e l when i t was 
b o l t e d i n t o p o s i t i o n . A l l i n s i d e s u r f a c e s w e r e i n s u l a t e d w i t h o n e - i n c h , 
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B 9 A 
Figure 6, Schematic Diagram of Mass-transfer Equipment. 
Figure 7- Panel Board. 
Figure 8. Air Bath Chamber, Test Pipe, Entrance Plenum Chamber, 
and Exit Pipe. Bath Chamber Lid is Wot Shown. UJ 
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Figure 9- Cooling Jackets, Drying Coliimn, Heaters, and 
Auxiliary Piping. 
3̂  
Figure 10a. Exit Plenum Chamber. 
Figure 10b. Exit Pipe 
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The bath a i r , which maintained a constant temperature environment 
for the t e s t pipe, flowed in ser ies through a f i l t e r regulator , rotameter, 
cooling jacket , and heater . A manifold d is t r ibuted the bath a i r through-
out the bath chamber. The a i r was vented to the atmosphere from a one-
inch pipe located in the back wall of the bath chamber. 
The t e s t a i r supplied to the in le t plenum chamber flowed, in 
s e r i e s , through a f i l t e r regulator , Dr ie r i te drying column, dry-gas t e s t 
meter, cooling jacket, and heater . A by-pass l ine was located downstream 
of the heater such that the t e s t a i r could be vented to the atmosphere 
during warm-up. Normally closed solenoid valves, operated by a common 
switch, were used to d i rec t the a i r to e i ther the t e s t pipe or the atmos-
phere. An e l ec t r i c timer was made operative when the on-stream solenoid 
was energized. An override switch was included to allow both solenoid 
valves to be operated in p a r a l l e l . The 500 cfh capacity dry-gas t e s t 
meter was capable of measuring to the nearest 0.01 cubic foot. An in-
clined manometer measured pressure drop across the meter. 
The cooling jackets were ins ta l led during construction to aid in 
temperature control i f necessary. However, they were not used in th i s 
study. The a i r used in both the bath chamber and t e s t pipe was supplied 
from a compressor located in the bui lding. Power to the e l ec t r i c heaters 
was regulated by a powerstat and off-on control supplied by Brown Poten-
tiometer Pyrometers. All heated a i r l ines were lagged with asbestos insu-
l a t ion . Test a i r and bath a i r l ine pressure taps for a manometer were 
located up-stream from the respective flow-rate meters. 
Gopper-constantan thermocouples were used to measure the tempera-
ture of the a i r entering and leaving the tes-c pipe, the outside t e s t pipe 
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w a l l , and var ious a i r tempera tures throughout t he system. The loca -
t i o n s of t h e thermocouples a r e shown in F i g u r e 6 . The e lec t romot ive 
force produced by t h e thermocouples was measured wi th a Leeds and Northrup 
p o r t a b l e p r e c i s i o n po t en t iome te r . 
Ai r leaks were sea led wi th Resiweld Black Sea l an t , No. ^00 . 
Coating Equipment.--The purpose of t h e coa t ing equipment was to app ly a 
t h i n , smooth coat of naphthalene t o t h e i n s i d e pipe w a l l . The t e s t p i p e , 
con ta in ing c r y s t a l l i n e naph tha lene , was spur, on i t s l o n g i t u d i n a l a x i s in 
a h o r i z o n t a l p l a n e . Heat was app l i ed e x t e r n a l l y wi th a gas burne r u n t i l 
the naphthalene mel ted . Af te r the molten naphthalene had spread along 
the l eng th of the t e s t p ipe i t was s o l i d i f i e d by pouring ice water over 
the t e s t p i p e . 
The equipment used i s shown schema t i ca l l y and p i c t o r i a l l y in 
Figures 11 through 15 . The t e s t pipe was r o t a t e d on flanged ax les 
which mated t o t he t e s t p ipe f l a n g e s . A flanged ax l e was made by weld-
ing a s i x inch p iece of one- inch diameter s t e e l b a r to a b lank f lange 
having t h e same dimensions as t h e p ipe f l a n g e . Six j / 8 - i n c h b o l t s were 
used to jo in each p a i r of f langes and dowel p ins assured proper p o s i -
t i o n i n g . Teflon gaske t s were used to prevent leakage of coa t ing mater-
i a l . The t e s t p i p e , when in p o s i t i o n for c o a t i n g , was supported a t each 
ax le wi th a Seal Master SF f l a n g e - u n i t bear ing mounted on a face p l a t e 
which moved v e r t i c a l l y in a support s t and . L a t e r a l al ignment of t h e t e s t 
p ipe was f ixed by b o l t i n g the bea r ing support s tands t o t he t a b l e t o p . 
However, h o r i z o n t a l al ignment could be e f fec ted by v e r t i c a l , adjustment of 
the face p l a t e s w i th t h e two a d j u s t i n g b o l t s on which each face p l a t e 






Water Pan Tubular Gas Burner 
Figure 11«, Schematic Diagram of Coating Equipments VjsJ 
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Figure 12. Test Pipe and. Flanged. Axle. 
Figure 13• Test Pipe in Position for Coating Procedure 
Water Pan is Not Shown. 
uo 
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Figure lk. Drive and Support Components for Coating and Tracing 
Procedures. 1 to v., Motor, Transmission, Bearing 
Plate Support with Bearing Plate, Bearing Plate 
(back view), Pipe Support. 4=-O 





loca ted in each leg of the f a c e - p l a t e support s t a n d s . One ax l e was 
coupled t o a Vickers ^>/k-Eg h y d r a u l i c , v a r i a b l e - s p e e d t r ansmi s s ion wi th a 
f l e x i b l e coup l ing . A l /2 -Hp, 115-vol t A.C. e l e c t r i c motor was used to 
d r ive the t r a n s m i s s i o n . Hor izon ta l al ignment of t h e t e s t pipe was a s c e r -
t a ined wi th a Dumpy Eng inee r ' s Level . 
The t u b u l a r gas burner used t o heat t he t e s t p ipe was a s i x foot 
l ength of 2 - inch Sch. k-0 s t e e l p ipe sea led a t one end wi th a pipe cap . 
Holes, l / 8 - i n c h in d iamete r , were d r i l l e d along t h e l eng th of t h e pipe 
a t l / 2 - i n c h i n t e r v a l s . A s tandard a i r - g a s mixer in t roduced c i t y gas in to 
the o the r end. 
A water pan was used to collect the water during the quenching 
operation. 
Surface Trace Equipment and Instrumentation.--The purpose of this equip-
ment and instrumentation was to measure the amount of naphthalene sublimed 
during a mass-transfer run. This was accomplished by measuring the before 
and after surface profiles of the naphthalene coating, both relative to 
the same stationary coordinate. Records of the surface profiles were 
obtained by use of sensitive strain gages attached to a cantilevered 
beam equipped with a foot touching the surface. The beam (or tracer arm.) 
was mounted on a nut which travelled through the test pipe on a screw. 
The output from the strain gages was amplified and fed to a L & I strip-
chart recorder. The output of the strain gages was proportional to the 
position of the tracer foot. 
The surface trace equipment and related instrumentation are shown 
schematically and pictorially in Figures 16 through 22. The tracer arm 
was made from a two-inch piece of annealed 75 S aluminum metal. Preliminary 





Figure 15= Schematic Diagram of Surface Trace Equipment 
hk 
Figure 17. Pipe Stand and Screw Insertion Equipmenl 




Figure 19. Drive Transmission and Bearing Plate Supports for 












Figure 21. Centering Clamps 
^9 
SR-^ S t r a i n 
Gage 
SR-î  
S t r a i n Gage 
Recorder 
12-Volt Wet Ce l l 
Figure 22 . Wheatstone Bridge C i r c u i t 
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c a l c u l a t i o n s ind ica ted t h a t a beam l / 2 - i n c h wide and 0.020 inches t h i c k 
would g ive the maximum bending d e f l e c t i o n wi thout t r a n s m i t t i n g an exces-
s ive p re s su re to t h e c o a t i n g . A t h i c k e r t r a c e r arm would cause t h e 
t r a c e r foot to exe r t a g r e a t e r p r e s su re for t he same d e f l e c t i o n and 
would r e s u l t in t he foot s c r a t c h i n g the c o a t i n g . The t r a c e r foot was 
mounted t o a shortened phonograph need le a t t ached t o one end of the 
t r a c e r arm. The t r a c e r arm was c a n t i l e v e r e d from a nut which rode 
through t h e t e s t p ipe on a one- inch d iameter screw. 
The screw was made from a s tandard one- inch lathe lead screw. The 
lead screw, wi th e i g h t th reads per inch , was modified a t each end so 
t h a t i t could be used wi th the e x i s t i n g bea r ing suppor ts and t r a n s m i s -
s ion u n i t . The threaded l eng th was approximate ly 86 inches long . 
The nut was f ab r i ca t ed from a two-inch l eng th of two-inch diam-
e t e r b rass bar s t ock . The ou t s i de d iameter was turned to 1.50 i n c h e s . 
With a p o r t i o n of t h e lead screw as a p a t t e r n , t h reads were machined 
through t h e c e n t e r of the n u t . Three l / 8 - i n c h guide wire holes were 
d r i l l e d a t 90 degree i n t e r v a l s on a 1.125 inch r a d i u s . At 180 degrees 
from the middle guide wi re ho l e , the o u t s i d e of t h e nut was beveled a t 
a 3°35 ' angle for l~l/ '4 i n c h e s . The t r a c e r arm was c a n t i l e v e r e d from 
t h i s beveled p o r t i o n . 
The guide wires which maintained the nut in ,an upr ight p o s i t i o n 
dur ing i t s t r a v e l along t h e screw were made from l / 8 - i n c h a i r p l a n e c a b l e . 
Af te r the guide wires had been i n s e r t e d through t h e n u t , s t r a i g h t - p u l l , 
l / 8 - i n c h b o l t s were fas tened to t h e ends wi th s i l v e r s o l d e r . Tension 
was app l i ed t o the wires by i n s e r t i n g them through holes in t he bear ing 
p l a t e s and t i g h t e n i n g up on the b o l t s . 
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The screw was supported and turned by the motor, transmission, 
bearing plates,and supports used for the coating procedure. The test 
pipe was held in position by two pipe supports which could be aligned 
both laterally and vertically by an adjusting bolt and locked in posi-
tion with Allen-head screws. 
A vertical pipe stand centered the test pipe under a pulley 
system which was used to lower the screw into the pipe. So that the 
screw and test pipe assembly could be carried without damaging the coat-
ing or the tracer arm, centering clamps were used to center the screw 
relative to the axis of the pipe. 
The amount of deflection caused to the tracer arm during a sur-
face trace was measured by two SR-4 strain gages mounted on each side 
of the tracer arm. The gages were mounted as close as possible to the 
cantilever support so as to record maximum bending. The gages were 
series C-ll, iso-elastic wire grids with a nominal resistance of 300 
ohms= The strain gages comprised two adjacent legs of a Wheatstone 
bridge circuit. This arrangement doubled the millivolt output from the 
bridge and eliminated the need for a dummy gage for temperature compen-
sation. The leads from the gages to a Wheatstone bridge circuit were 
four-strand, twisted stereo wires. 
The Wheatstone bridge circuit consisted of the two strain gages, 
a fixed resistance leg, and a variable resistance leg. A 33O ohm preci-
sion resistor was used in the fixed resistance leg. The variable resist-
ance leg, which was used to null the bridge circuit, was made up of a 500 
ohm, 10 turn Heliopot in parallel with a 1200 ohm precision resistor and 
a 10 ohm trimpot. This parallel arrangement made it possible to reduce 
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the effective resistance of the heliopot from 50 ohms per turn to less 
than 1 ohm per turn. The trimpot was used in series with the 1200 ohm 
resistor in order to balance the resistance legs when the heliopot was 
at half its setting. 
The voltage input to the bridge circuit was from a 12-volt wet 
cell battery. The millivolt output of the bridge, caused by a bending 
of the tracer arm, was measured and recorded by a Leeds and Northrup 
Speedomax E, Model S strip-chart recorder. The recorder had a range of 




In the following procedure sections, details are given for the 
methods of conducting the experimental tests and analyzing the experi-
mental data for a typical run. 
A. Experimental Procedures 
1. Coating Procedure.--Approximately 600 grams of purified naphthalene 
crystals were placed in the test pipe and the flanged axles bolted to 
the pipe flanges. With the bearing plates slipped on the axles, the 
test pipe was placed into the bearing plate supports and the "drive" 
axle aligned with the drive shaft of the transmission. Using a Dumpy 
engineering level, the test pipe was placed in a true horizontal atti-
tude by vertical adjustment of the free axle bearing plate. Once this 
alignment had been affected the bearing plates were locked in position. 
The water pan and tubular gas burner were placed beneath the test pipe. 
With the motor and transmission rotating the test pipe at approximately 
120 rpm, the pipe was heated with the tubular burner with additional 
heat directed on the flanges from a Bunsen burner. Preliminary tests 
indicated that a 20 minute heating period was sufficient to melt the 
naphthalene and allow it to be distributed along the length of the test 
pipe. Following the 20 minute heating period, the burners were turned 
off and the molten naphthalene solidified by pouring ice water oÂ er the 
pipe. The test pipe and bearing plates were then removed from the bearing 
plate supports, dried, and disassembled. 
2. Surface Trace Procedure.--The screw and nut assembly were prepared 
for insertion into the test pipe by first wrapping the guide wire bolts 
to the screw with masking tape so that the naphthalene surface would net 
be damaged as the screw was dropped through the pipe. The screw was raided 
up with the pulley system such that the test pipe could be mounted into 
the pipe stand and centered under the screw. The screw was then lowered 
very slowly into the test pipe. The pipe stand was designed such that 
the bottom end of the test pipe was held eight inches above the floor. 
This allowed proper positioning of the screw in the pipe when the screw 
was lowered to the floor. After the centering clamps were attached to 
the screw and pipe at each pipe flange} the assembly was transferred to a 
table and the bearing plates slipped onto the screw. The entire assembly 
was then carefully placed in the bearing supports and the centering clamps 
removed. The test pipe then rested in the pipe supports. The guide wires 
were inserted through the bearing plates and tension applied to the /ires 
with nuts on the back faces of both bearing plates. The strain gage leads 
were connected to the Wheatstone bridge circuit by means of terminal l.ijgs 
mounted on the panel board and the test pipe was vertically ad jus, ted such 
that the bridge circuit would record approximately 3*0 millivolts vhcn the 
tracer foot was l/2-inch inside either end of the test pipe. This allowed 
a positive millivolt reading at the ends of the pipe and also assured r.hat 
the bridge circuit range would not be exceeded during a trace. 
The nut and tracer arm were run to the right end of the screw (̂ °e 
Figure l£ for direction orientation) and the test pipe positioned for the 
first trace. Four traces were made before and after each run. The test 
pipe was marked in such a way that a trace could be made along a line tha+ 
corresponded to the top of the pipe during the transfer rim. Similarly,, 
three other marks were placed at 90-degree intervals around the pipe such 
that a bottom and two side traces could also be obtained. By means of a 
spacer, the test pipe was positioned a fixed distance from the right--hand. 
bearing plate. With the tracer foot placed just outside the mouth of the 
pipe, and the foot and end of the pipe covered with a plastic sheet to 
eliminate air currents, a "zero point start" was obtained on the recorder 
by an adjustment of the heliopot. The motor was started and the rotational 
speed of the screw was quickly adjusted to give the nut an approximate 
traverse speed of about nine inches per minute. As the nut traveled 
through the pipe, the leads from the strain gages were withdrawn by hand. 
The leads had previously been marked at irregularly spaced, but known 
distances from the nut, with masking tape. As the marks emerged from the 
pipe they were noted on the chart paper so as to approximately locate the 
position of the tracer foot in the pipe. 
As the nut approached closer to the surface of the pipe due to the 
sag in the screw, the recorder range was changed by rotating th^ hellopo^ 
one revolution at a time. A typical trace usually required five or °l.x 
revolutions in the first half of the pipe. After midpoint wa.- passed r,.!:.!--
procedure was reversed until the pot had been returned to its original 
setting. After completion of a trace, the foot was allowed to hat.g free 
and a "zero point finish" was obtained. 
On completion of the surface traces the guide wires were released 
and the centering clamps replaced. The pipe and screw were removed from 
the bearing supports, placed on the pipe stand, and the screw removed, 
Again, extreme care was exercised so as not to cause damage to the naph-
thalene coating. 
The above procedure was repea ted following t he mass - t r ans f e r run. 
3* Mass-Transfer Procedure . - -The t e s t p ipe was weighed on a t r i p l e bean 
balance and then bo l t ed between the i n l e t plenum chamber and the ex i t s ec -
t i o n . Teflon gaske t s were used t o insure a g a i n s t l eakage . Four thermo-
couples were taped on t h e o u t e r su r face of the p ipe a t r e g u l a r l y spaced 
i n t e r v a l s and the ba th chamber l i d s e t in p lace and bo l t ed t i g h t . 
The ba th a i r system was turned on and t h e c o n t r o l l e r r egu la t ed to 
the de s i r ed t empera tu re . During the warm up p e r i o d , t he e x i t s ec t Ion ?as 
capped and t h e hand valve (valve L in Figure 6) in the t e s t a i r l i n e va,c 
closed to prevent any premature l o s s of naphthalene from the t e s t p i p e , 
Since t he t e s t p ipe and ba th a i r requi red cons ide rab ly more time to reach 
thermal equ i l i b r ium than the t e s t a i r , the t e s t a i r was not turned on u n t i l 
t he pipe was up to t empera tu re . 
The t e s t a i r system was brought up to tempera ture by ven t ing the 
a i r t o t he atmosphere through t h e by-pass solenoid v a l v e . I t was found 
t h a t t he heat genera ted in the so lenoid va lves was conducted through t r e 
valve bodies t o t he t e s t a i r thus caus ing a de l ay in a t t a i n i n g the run 
temperature when t h e a i r was placed "on-stream" through a cold v a l v e , 
Therefore , t he o v e r - r i d e swi tch was thrown so t h a t t he on-s t ream solenoid 
valve would be a t ope ra t ing tempera ture a t t h e s t a r t of the masv - t r a n s f e r 
run . 
After bo th a i r systems had a t t a i n e d ope ra t ing t empera tu re , the 
o v e r - r i d e switch was cu t -o f f , t he hand va lve opened, and t he e x i t se t t lor . 
uncapped. To start a run the solenoid switch was thrown to the on-stream 
position, thereby, changing the air flow to the test pipe and starting the 
electric timer. Temperature readings of the inlet and outlet test air 
and the test pipe wall were taken every five minutes for the first fifteen 
minutes and then every fifteen minutes thereafter. Air line pressures, 
chamber pressures, volumetric flow rate and elapsed time were also recorded. 
Following the transfer run the t?.st pipe vjas reweighed, and an after trace 
made. 
For the experimental runs in this study, the concentration of 
naphthalene in the entering test air, C , was zero. 
k. Calibration Procedure.--The copper-constantan thermocouples used in 
these experiments were calibrated, after installation, with a mercury-
glass thermometer which had been certified by the National Bureau of 
Standards. Since all. thermocouples were made from the same roll of wire,, 
only one couple was calibrated. The thermocouple was wrapped in close 
contact with the thermometer bulb and immersed in a constant temperature 
oil bath to a depth of 76 mm* The emf output from the thermocouple was 
measured with a L & N potentiometer at temperature intervals of 10° C 
from 30° C to 160° C. The calibration curve is shown in Figure 2*>. 
The tracer arm was calibrated to determine the millivolt output 
from the >Jheat stone bridge as a function of tracer arm deflect ion „ This 
was accomplished by placing a micrometer beneath the tracer foot such 
that the foot could be raised a known amount. The millivolt output from 
the Wheatstone bridge corresponding to 5 mil increments was read from the 
strip chart recorder, in order to eliminate air currents, which tre tracer 
arm picked up and recorded, it was necessary to enclose the arm and 
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Figure 2J. Thermocouple Calibration Curve. 
micrometer dur ing the c a l i b r a t i o n p rocedure . The r e s u l t s of the c a l i -
b r a t i o n t e s t a r e shown in Table 2 . The m i l l i v o l t per mils r a t i o was 
determined to be 0.445 ± O.OO67 mv/5 m i l s . The foregoing f igure r e p r e -
sen t s the average of 39 measurements, w i th the ± value a t 95 Ver -ent 
confidence l e v e l . 
Table 2 . S t r a i n Gage C a l i b r a t i o n Tests 
m i l s . mv. Amv. m i l s . mv. Amv. 
0 0.5 0 0.5 
5 0.94 0.44 5 0.96 0.46 
10 1-39 0J45 10 i.4o 0.44 
15 1.84 O.45 15 1.87 0.47 
20 2.29 0.45 20 2.30 0.43 
P^ 
— s 
2.73 0.44 25 1.76 0.46 
30 3.16 0.43 30 3.18 0.42 
35 3.61 O.45 35 3.60 0.42 
4o 4.02 0 . 4 l 4o 4.02 0.42 
45 4.42 0.40 45 4.50 0.48 
50 4.89 0.47 50 4.96 0.46 
45 4 .38 - 45 4 .48 0.48 
ko 3.90 0.48 4o 4.00 0.48 
35 3-46 0.44 35 3.53 0.47 
30 3.02 0.44 30 3.10 0.43 
25 2 .57 O.45 25 2.66 0.44 
20 2.12 0.45 20 2.23 0.43 
15 1.66 0.46 15 1.79 O.kk 
10 1.23 0.43 10 1.34 O.45 
5 0.78 0.45 5 0.90 0.44 
0 0.32 0.46 0 0.50 o.4o 
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It was found that a turn of the heliopot gave varying range 
changes depending on the amount of initial deflection of the tracer arm. 
The heliopot was calibrated using a micrometer mounted under the tracer 
foot. The recorder range change was noted with the tracer foot set so as 
to give an increase of five millivolts above zero and the millivolt per 
turn ratio determined. The foot was then raised and the procedure repeated 
until the heliopot had been rotated six full turns which covered the range 
encountered during a surface trace. These calibration results are shown 
in Table 3. 
Table 3. Heliopot Calibration Tests 








B. Calculation Procedures 
1. Mass-Transfer Data Reduction Procedure.--The physical propert ies used 
to calculate the Reynolds number were evaluated from average temperature ; 
pressure, and pipe geometry measurements. An average diameter of 1.90 ± 
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0.01 inches was obtained by measuring the inside diameter of the coated 
pipe with a micrometer immediately before and a f te r a mass-transfer run. 
The v iscos i ty and density values of a i r (2-3) are given in Table k. The 
a i r veloci ty was calculated from the volumetric flow ra te measured by the 
dry-gas t e s t meter and the t o t a l run time. 
The overal l average experimental molar flux was calculated from 
the weight loss of the t e s t pipe by the re la t ionship 
( V * = r^e; (5?) 
The total surface area Aqrp was calculated using the average diameter. 
2. Surface Trace Reduction Procedure.--The before and after surface 
traces were reduced to give local molar fluxes. Portions of typical 
traces are shown in Figure 2k. Corresponding points on the before and 
after traces were located by matching the peak millivolt values caused 
by an eccentricity of the nut on the screw. These oscillations, shewn 
in Figure 2k, while not planned, were beneficial in the data analysis. 
Calibration tests showed that they had no adverse effect on the results, 
and, in fact, there were exactly kj)2 peaks in a six foot trace regardless 
of the traverse speed. The peak to peak distance was 0.166 inches. The 
matching was done on the traces for the exit end of the pipe where the 
after surface profile was not greatly different from the before surface 
profile. Once the peaks were matched and numbered the millivolt values 
of each trace were reduced to absolute zero by first subtracting the 
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Table 4 . Phys i ca l P roper ty Data Used in T h e o r e t i c a l and 
Experimental Ca lcu la t ions 
T CAw (Eqn. 48) w (23) P (23) *AB ( 7 ) 
°C gm-moles /cm? gm/cm-sec gm/cc cm / s e c 3c (7) 
4o 17.009xlO"9 
-4 
1.9065x10 1.1282x10"3 6.9893xl0~2 2 .41 = 
45 25.879 1.9305 1.1103 7.2122 2.41.1 
50 38.8586 I .9528 1.0931 7A32 2.4o4 
55 57-614 1.9768 I.O765 7.6615 2.397 
56 62.2457 I .9803 I.O73I 7.7032 2.395 
56 .1 62.727 1.9803 1.0731 7.7036 2.395 
60 84.4011 1.9991 1.06029 7.88808 2.390 
65 122.2248 2.0214 1.0445 8.1189 2.384 
70 175.0604 2.04"38 1.0293 8,3528 2.377 
Vapor Pressure (7) 
log10 P° = =2®- + 11.55 [P°J - mmHg [ T ] =• °K 
Schmidt Number (7) 
Sc=.--J±— - 7 x ( T ) ~ ° * 1 8 5 ; T = °K (100 t o ^00°K) 
P*°AB 
Densi ty of c a s t Naphthalene (7) 
PN = I.O78 ± 0.012 gm/cm
5 @ 20°C 
D i f f u s i v i t y (7) 
0AT3 - 0 .06 I I cm
2 /sec @ 25 °C & 1 atm 
A-D 
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Figure 2k. Typical Before and After Surface Traces. 
c 
respective zero point values and then adding the appropriate heliopot 
corrections. The raw data were "smoothed out" at this point by plot-
ting the differences in millivolts versus peak numbers and drawing a 
curve through the resulting points. At regularly spaced intervals 
along the trace the millivolt differences were converted to give the 
local thickness decrease in thousandths of an inch by the relation 
+• A m v / c p \ 
where the cons tan t 0.039 i s the m i l l i v o l t output from t h e Wheatstone 
br idge caused by a one mil d e f l e c t i o n of t h e t r a c e r beam. At each 
l o c a t i o n t h e t h i cknes s decrease t . r e p r e s e n t s t he average t h i cknes s 
decrease for an incrementa l l eng th of 0.166 i n c h e s . A l o c a l volume 
decrease V. was then c a l c u l a t e d for t he incrementa l segment using the 
average pipe d i ame te r . The l o c a l molar f lux was determined a t va r ious 
p o s i t i o n s along the pipe by the r e l a t i o n 
AT - i ^ gm-moles , , 
V * """ AQ. (MW) (91 2
 K^} 
Si x ' T cm -sec 
A l o c a l average f lux was obta ined for each .mass t r a n s f e r run, 
by averaging t h e top and bottom t r a c e s . Average molar f luxes were 
determined for both t h e t h e o r e t i c a l and exper imenta l r e s u l t s by i n t e -
g r a t i n g t h e l o c a l average va lues over a g iven l eng th of p i p e . The con-
c e n t r a t i o n g r ad i en t a t t he w a l l , which i s the product of t h e l o c a l 
Nusse l t number and the d imensionless bu lk c o n c e n t r a t i o n term (1~C*) was 
determined from equat ion (20) using t h e exper imenta l l o c a l molar f lux 
v a l u e s . 
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/ n*<\(^T \ Aw'loc w c)C"* 
(i-ch)(sum)loc - « ( c „ . c , j
 = - sr AB^ Aw Ao 
(20) 
R=l 
The diffusivity and vapor pressure data (7) used in both computer 
and experimental calculations are given in Table h. The average values of 
(dCT̂ /dR) were determined by numerical integration of the local values. An 
experimental determination of the mass transfer Nusselt number was not pos-
sible as no concentration data were collected for the runs. 
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CHAPTER VI 
DISCUSSION OF RESULTS 
A. G-erte ral. - - The object of this study was to determine, for an isothermal 
system, theoretical and experimental mass-transfer rates for a solid 
material subliming from the wall of a pipe, at low .mass transfer rates, 
into an air stream flowing laminarly through the pipe with simultane-
ously developing velocity and concentration profiles. Mass-transfer 
rates for naphthalene subliming into air at a total pressure of one 
atmosphere were experimentally measured at 50°C, 55°C, 56°C, and 60°C, 
with air flow rates correspond.ing to Reynolds numbers of approximately 
500 to 2000. The Schmidt number was practically constant for the tem-
perature range at a value of 2A0. The theoretical results and experi-
mental data are summarized in Tables 7 through kl, Appendix A, and in 
Figures 25 through 45. The complete theoretical results and experimental 
data are on file in the School of Chemical Engineering of the Georgia 
Institute of Technology^ Atlanta, Georgia. 
B. Theoretical Results. --Equations (1.3) and (14) were solved numeri-
cally using the Langhaar velocity profiles to obtain the theoretical 
results from ReScD/z va2.uas of 4000 to 40. The Graetz equations (equa-
tions (54) and {^^)) were used to extend the results to lower ReSoD/z 
values. 
For the numerical scheme, two march steps were required before a 
concentration value for the second mesh, point from the wall was obtained. 
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Therefore , t he concen t r a t i on g r a d i e n t s a t the w a l l , the l o c a l molar f l u x , 
and the l o c a l m a s s - t r a n s f e r Nusse l t numbers (hencefor th r e f e r r e d to as 
(dC*/dR), (NA ) , , and (NuA13), ) were in e r r o r for ReScD/z > 1000. The v ' ' Aw l o c ' v AB'loc ' 
t h e o r e t i c a l r e s u l t s were ex t r apo l a t ed for ReScD/z > 1000 as ind ica ted by 
dashed l i n e s . The t h e o r e t i c a l and average values of NA a r e shown in 
Aw 
Figures 25 and 2.6 a:-: functions of ReScD/z for a temperature range of 40°C 
to 70°C and 50°̂ ' to 60°C respectively. The local, and average values of 
dC*/dR and ^u a'-"e ̂ hoA'n as functions of ReScD/z in Figures 27 and 28 
respectively. Since the dependency of the Schmidt number on temperature 
was negligible for the temperature range used in this study, the depend-
ency of dĈ '/cVR and Ku. on Temperature was also negligible. 
Since there was nc a priori method to obtain an estimate of error 
magnitude for a numerical scheme,, a check on the adequacy of the numeri-
cal method was made by calculating (Nu ) from equations (1.3) and (14) 
using a fully established parabolic velocity profile in the numerical 
scheme and comparing the results with (NuA^)n calculated from the 
AB loc 
Graetz equation modified for' mass transfer. The results are showr in 
Figure 29. The maximum deviation between the two methods occurred at 
high ReScD/z values but rapidly diminished so that the error was less 
than two per cent for ReScI'/z of about 200. Since only ten eigenvalues, 
as mentioned previously, have teen determined for equation (55 )> "the 
differences bet veer? the numerical scheme and the Graetz equation, at 
high ReScD/z values, are due to inadequacies of the Graetz equation caused 
by truncation errors in the series solution. As pointed out by Lepkins 
in a discussion of Kays' work (15), the effect of truncating the series 
solution in the Graetz equation is to give too low a magnitude to the 
Nusselt number. The fact that the two agree for ReSc.D/z < 200 provides 
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ReScB/z 
Figui'e 25 . T h e o r e t i c a l Local Molar Fluxes for 
Laminar-Flow Mass Trans fe r in t h e Entrace 
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Figure 26 . T h e o r e t i c a l Average Molar Fluxes for Laminar-Flow Mass Transfer 
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Figure 27„ T h e o r e t i c a l Local and Average Concent ra t ion 
Gradients a t the Wall for Laminar-Flow Mass 
Transfer in the Entrance Region of a 
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Figure 28 Theoretical Local and Average Mass-Transfer Nusselt Numbers for Laminar-Flow 
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Figure 20 Comparison of Numerical Solu t ion fo r Fu l ly Es tab l i shed Pa rabo l i c 
Veloc i ty P r o f i l e and Constant Wall Composition wi th Graetz 
Solu t ion for Same Case (Sc = 2 A ) . 
- j 
PC 
a measure of confidence in the technique employed, in t he numerical scheme, 
A comparison of th^ l o c a l and average m a s s - t r a n s f e r ]\Tusselt num-
bers c a l c u l a t e d by so lv ing equat ions (1.3) and. (1.V) numer ica l ly for deve l -
oping and f u l l y es tabl ished, v e l o c i t y p r o f i l e s a r e shown, .in Figure JOo 
The r e s u l t s show t h a t t h e assumption of a f u l l y e s t a b l i s h e d v e l o c i t y p ro -
f i l e can r e s u l t in cons ide rab le e r r o r when t h e en t rance leng th r e p r e s e n t s 
a cons ide rab le p o r t i o n of t h e t o t a l flew length a 
The va lues of (rTu.^j numer ica l ly ca l cu la t ed from eana t ions (13) 
A B ' m '' ""• 
and (14) u s i n g Laicghaar ' -s v e l o c i t y p r o f i l e s can be e x p r e s s e d '^y an e m p i r i -
c a l equa t ion , . s i m i l a r t o t h a t used f o r r.he a n a l o g o u s c a s e of h e a t t r a n s f e r 
( l c ; ) o The e q u a t i o n i s 
(' Nu 
Alwm o t 
0.01*9 R f 
1 + 0 .0139 'Re 3c" 
"oTH" (60^ 
.Squatior (60) g ives the average m a s s - t r a n s f e r h u s s e i t number >citb an 
accuracy of about i: 2 r er cert for ReScIt/z values ur to 10000 
As a ma t t e r of f u r t h e r i n t e r e s t , , selected, v e l o c i t y and concern-
t. r a t con p r o f i l e s fo r t he en t rance region a r e shone in Figure 3I0 The 
v e l o c i t y p r o f i l e s a rp those of Langhaar and a r e d i r e c t p l o t s of equat ion 
! l t \ The co- -ce r t ra t ion p r o f i l e s "rere taken from the numerical s o l u t i o n 
of equat ions (13) a.ud (1-;) nr which Langhaar' s v e l o c i t y p r o f i l e s / e r e 
LIS ed c 
Oh Experimental Resu l t s o--.Mass»transfer runs '-/ere made a t t e s t a i r tem-
p e r a t u r e s of 50sC-> 35° rh 36°Oh and. 60°Co At eacb t e s t a i r t empera tu re , 
s e v e r a l runs were made a t va r ious flow ra te s» The exper imenta l da ta fo r 
the mass - t r a n s f e r reins a r e g iven in Table 3-
100.0 
ReScD/z 
Figure 30. Comparison of Numerical Solu t ions for the Local and Average Mass> 
Transfer Nusse l t Numbers using Developing and Fu l ly Es tab l i shed 
Parabo l i c Ve loc i ty P r o f i l e s (Sc = 2.k). 
- j 
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Figure 31 Dimensionless Velocity and Concentration Profiles for Constant Wall 
Composition and Uniform Velocity and Concentration at Pipe Entrance 
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Theoretical and experimental values of (3\i. ), are compared in 
• Aw loc ^ 
Figures 32 thro "ugh %o The local flux values for the top and bottom sur-
face traces are given f0-s SO°C_» t.t
0Ch and 60°0h The runs made at -,6°C 
were preliminary in nature and only one trace was made It was found 
that the values of (AT., ), for the two side traces were approximate 
Aw loc -^ 
averages of (Kb )1 for the top and bottom, traces and, therefore, the 
l Aw l o c } ' 
results of the sidp trace are not reported in detail . However, to 
illustrate typical results, value- of (]\L ), for side traces are shown 
J K AW l.OC: 
in Figure 36 for two rues cade at 60oC„ 
The experimental local molar fluxes agreed favorable -with the 
theoretical values near the pipe entrance, tut deviated by as much as 
60 per cent for ReScD/z values around 200„ nor ReScD/z < 200,, a sharp 
fall-off of mass-transfer ra'w occurred. In addition., as reported in 
Tables 1.5 through 29.? Appendix A., the local flux values actually became 
negative at the exit, end of the pipe for some of the runs. It was 
observed that the axial iccatior in the pipe where the fa.ll.~off began, 
and the extent o+" the fall-off v were functions of temperature^ flow 
rate., and angular location^ Larger negative fluxes occurred at the lower 
temperatures and flow rate"- 'The top traces^ for a l l runs., showed the 
fal....-cff effect at a greater ReSc,D./z value than the bottom traces P with 
the side trace*, affected at intermediate Re3cD/z values. At Re •--: 500., 
the velocity profile is nearly developed at the exit end of the test 
pipe. By increasing the flow rate, the entrance length is increased* 
Therefore_, at high Reynolds numbers^ the test pipe contained less of 
the entrance length development than at the low Reynolds numbers. The 
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Figure jj2. Comparison of Experimental, and T h e o r e t i c a l 
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Figure 33. Comparison of Experimental and Theoretical 
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Figure 3 ^ . Comparison of Experimental and T h e o r e t i c a l 
l o c a l Molar Fluxes l o r %°C (Sc - 2.k). 
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Figure 36* Comparison of Experimental and Theoretical 
Local Molar Fluxes from 60°C. Includes 
Experimental Molar Fluxes for Sides of Pipe 
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t h a t t h e r e was some f a c t o r , unaccounted fo r , c o n t r o l l i n g the m a s s - t r a n s f e r 
r a t e a t t h e pipe e x i t . The gene ra l shape of t he exper imental curves 
ind ica ted t h a t f r ee -convec t ion m a s s - t r a n s f e r due to d e n s i t y d i f f e r ences 
was not n e g l i g i b l e . This po in t was emphasized by the dependency of the 
mass - t r ans fe r r a t e s on angu la r p o s i t i o n . I t i s suggested t h a t t he angu-
l a r v e l o c i t y , s e t up by g r a v i t y s e t t l i n g of the heavy naphthalene vapor 
from t h e top ha l f of t he p i p e , increased the m a s s - t r a n s f e r r a t e a long 
t he bottom of the pipe and the reby delayed the f a l l - o f f e f f ec t for t he 
bottom ha l f of the p i p e , 
Valid t h e o r e t i c a l c o n s i d e r a t i o n s a r e not p r e s e n t l y a v a i l a b l e to 
q u a n t i t a t i v e l y exp la in t h i s r ap id reduc t ion of m a s s - t r a n s f e r r a t e . How-
ever , some p l a u s i b l e exp lana t ions a r e ind ica t ed from c r y s t a l l o g r a p h y con-
s i d e r a t i o n s (24-) (25) (26) ( 2 7 ) . By v i r t u e of t h e i r more ordered s t r u c -
t u r e _, t h e subl imat ion of s o l i d s i s more complex than the evapora t ion of 
l i q u i d s . Molecules can jo in and leave the c r y s t a l s only a t c e r t a i n d e f i -
n i t e p o i n t s on the sur face and d i f f u s i o n of molecules over the sur face 
occurs when c r y s t a l s form or subl ime. Sublimation s t u d i e s w i th p e r f e c t 
c r y s t a l s , c a r r i e d out by Sears (2&), i nd i ca t ed t h a t , t he f a c t t h a t a 
molecule must d i f fu se ever t h e sur face before i t can pass i n t o t h e vapor , 
can m a t e r i a l l y reduce the r a t e of sub l ima t ion . While t he above d i s c u s s i o n 
i n d i c a t e s t h a t the sur face o r i e n t a t i o n of a c r y s t a l l i n e m a t e r i a l can 
e f fec t the t r a n s f e r of m a t e r i a l , f u r t h e r s t u d i e s a r e requ i red before even 
a q u a l i t a t i v e I n t e r p r e t a t i o n of the r e s u l t s found in t h i s s tudy can be 
a t t empted . Refer r ing back to t h e exper imenta l work of Plewes, B u t l e r , and 
Marshal l ( l l ) d i scussed i r the i n t r o d u c t i o n , i t i s p o s s i b l e t h a t what they 
c a l l s l i p a t t he wa i l could a c t u a l l y have been a sur face o r i e n t a t i o n of 
m 
the crystalline structures of the various materials used in their study. 
The preliminary runs made at 56 °C used a plenum chamber as an 
exit section. It was found that naphthalene built up on the plenum 
chamber walls. When it was replaced with a pipe having the same diam-
eter as the test pipe, no build up of naphthalene was found in the exit 
pipe. The exit-pipe section was used in all subsequent runs. The effect 
of the exit sections on the local molar fluxes is shown in Figure 36. 
The local average molar fluxes, obtained by averaging the top and 
bottom molar fluxes, were used to calculate (N. ) and (dC*/dR)n •
 A s 
3 x Aw'm x ' loc 
shown in Figures 37 through 39, averaging the two local fluxes damps out 
the free-convection effects for ReScD/z < 200 which were observed in 
Figures 32 through 36-
As a check on the surface trace technique for obtaining molar flux 
values, an overall molar flux was obtained for each run by weighing the 
test pipe on a triple beam, balance immediately before and after the mass-
transfer rur. „ The overall molar fluxes, based on weight loss, and the 
overall molar fluxes, based on surface trace procedures, are compared in 
Table 6 and Figures kO through 43 along with complete average molar fluxes 
calculated from the local average values. While individual agreement 
between the two experimental values was not good in some runs, the average 
deviation was only 20 per cent. It was found that it was impossible to 
accurately weigh the test pipe on the triple beam balance closer than 
± 5 grams. Considering the fact that the test pipe weighed approximately 
11,000 grams, and that weight losses of approximately 100 grams occurred, 
this deviation is quite small. The discrepancies between the theoretical 
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F i g u r e 5 7 . Loca l A v e r a g e Molar F l u x e s a t 50°C O b t a i n e d 
by A v e r a g i n g Local Molar F l u x e s .for Top 
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SYMBOL RUN Re 
A 91 ck^ 
f <_ J> r ^ j 
Q 22 1315 
0 26 1570 
A EXPERIMENTAL ~~ 
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10" 10 ReScD/z 10- 10 
F i g u r e 3 9 . L o c a l A v e r a g e M o l a r F l u x e s a t 60°C O b t a i n e d 
by A v e r a g i n g L o c a l Molar F l u x e s f o r Top and 
Bot tom of P i p e (Sc = 2 . 4 ) . 
Tahle o- Overall Mclar Flux Based on Weight Loss Measurements 
Run T(°C. Re E x p e r i m e n t a l ReSc -P (N ) x l ( f ( g ^ - m o l e s / c n f - s e c ) P e r c e n t (dC*/dR) 
Weight Loss 7jB~XW -J™-3 E r r o r m 
(Gins Weight Loss S u r f a c e T r a c e 
Method Method 
19 50 610 122 0.39 5.93 2 .71 31.0 3.28 
28 50 1295 114 0.88 5.59 5.39 3.6 4 .67 
27 50 1970 113 1.25 8.88 5.50 3 8 . I 7.42 
2.5 55 5^0 83 0.3k 6.37 5.53 13.2 3.^8 
15 55 1305 95 O.83 8.72 8.50 2.5 4.76 
2k 55 1555 101 0.97 13.0 10.5 19.2 7.10 
21 60 5^5 88 0 . ^ 7.77 3.^3 55.6 2.82 
22 60 1315 •7'- - - - - -
26 60 1570 128 0.99 16.5 11.7 29.O 6.00 
15 56 Ik 05 115 0.89 10.9 10.5 3.7 5.50 
14 % 1700 116 1.08 11.3 10.3 8.8 
ave 20.5 
5.70 
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Figure V3. Comparison of Experimental and Theoretical 
Average Molar Fluxes for 60°C (Sc = 2.k). 
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to free-convection effects. And, while the experimental results based 
on surface trace measurements are consistently higher than the theoreti-
cal results, the fact that the weight loss method agrees closely with 
the surface trace technique lends support to the validity of the experi-
mental results. 
Experimental and theoretical values of (dCVcSR). and (dC*/dR) 
v ' l o c v ' m 
are compared in Figures kk and 45 respectively. The experimental values 
of (dC'/dR) determined from weight loss measurements are also shown in 
Figure k-5 . For the average values shown in Figure ^5, the agreement of 
the experimental results with the theoretical results is ± 25 per cent 
for ReScD/z above 1000 and below 100. The high experimental results for 
ReScD/z between these limits is probably due to free-convection effects 
mentioned previously. A comparison of the results of Figures kk and ^5 
again emphasizes the fact that the rapid fall-off of the mass-transfer 
rate observed for local results is obscured when average results are 
determined. 
The fact that the theoretical results agree favorably with the 
experimental results lends valid support to the mathematical model 
developed in Chapter II for predicting mass-transfer rates. If i t is 
assumed that the concentrations calculated theoretically are correct, 
then, the mathematical model can be used to calculate the mass-transfer 
Nusselt number expressed by equation (60). Due to free-convection effects, 
the results will be approximately 20 per cent conservative. 
D. Experimental Errors.--During a mass-transfer run, experimental errors 
could be introduced from temperature and flow rate measurements. The 
accuracy of the L & N potentiometer to obtain temperatures was set at 
9h 
ReScD/; 
Figure kk. Comparison of Experimental and Theoretical 
Local Concentration Gradients at the Wall 
(Sc = 2.k). 
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± 0.1°C by the manufacturer . The average t e s t a i r and o u t s i d e pipe wa l l 
temperatures were c o n t r o l l e d to w i t h i n ± 0.25°C, and in most cases t h i s 
number i s p e s s i m i s t i c . 
I t was assumed in t he t h e o r e t i c a l development, t h a t t he wet-bulb 
depress ion of t he naphthalene sur face was n e g l i g i b l e . An es t ima te of t he 
wet-bulb depress ion can be obtained i f i t i s assumed t h a t t he e f f ec t of 
a i r flowing pas t a c y l i n d e r of naphthalene i s , in some sense , s i m i l a r t o 
a i r flowing through a cy l inde r of naph tha lene . Bedingf ie ld and Drew (29) 
developed an equat ion which s a t i s f a c t o r i l y p r e d i c t s t h e wet-bulb temper-
a t u r e for an o r g a n i c , s o l i d c y l i n d e r with a i r flowing p a r a l l e l to i t s 
a x i s . Using t h e i r equa t ion , a i r , flowing over a naphthalene c y l i n d e r , 
a t a v e l o c i t y corresponding t o the upper l i m i t of laminar flow (Re ;•- 2000) 
and a t a tempera ture of 50°C would produce a wet-bulb depress ion of l e s s 
than 0.5°C. While t h i s va lue can on ly be used as an approximat ion, i t 
does show t h a t the e r r o r involved in C. would be l e s s than 3 P e r cen t -
The dry-gas meter was f ac to ry c a l i b r a t e d . The c a l i b r a t i o n curve 
suppl ied wi th the meter showed t h a t t he maximum d e v i a t i o n occurred a t 
low flow r a t e s and gave readings t h a t were 0.15 per cent low. The p e r -
centage e r r o r decreased as the flow r a t e increased wi th the r e s u l t t h a t , 
for flow r a t e s in the range of 2 .5 cfm, the meter readings were c o r r e c t 
to w i th in -0.05 pe r c e n t . Hence, any e r r o r introduced because of meter 
i n d i c a t i o n was n e g l i g i b l e . 
I t was assumed in the t h e o r e t i c a l development t h a t t he v e l o c i t y 
was uniform ac ross the pipe a t t he e n t r a n c e . A be l l - shaped ent rance 
s e c t i o n was designed for the exper imenta l i n v e s t i g a t i o n in o rder t o 
match t h i s assumption as c lose as p o s s i b l e . Conclusive proof t h a t a 
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bell-shaped en t rance a c t u a l l y does produce a uniform v e l o c i t y p r o f i l e 
across t he e n t i r e d iameter a t the en t rance i s not a v a i l a b l e . However3 
G r i f f i t h (30 ) , in h i s work on mass t r a n s f e r from s i n g l e sphe re s , measured 
the en t rance v e l o c i t i e s produced by a be l l - shaped e n t r a n c e , He used both 
an u l t ramieroseope technique and a c o l l o i d a l t e l l u r i u m photographic t ech -
n ique . While G r i f f i t h ' s measurements did not extend t o t he wall,, the 
r e s u l t s of h i s work showed e x c e l l e n t agreement wi th langhahcr's equat ion 
and t he exper imenta l work of Mkuradse (.51)0 A v i s u a l s tudy of en t rance 
v e l o c i t y p r o f i l e s was made by Spurlock (32) using smoke techniques in a 
two inch diameter g l a s s p i p e . The f indings ind ica ted t h a t a t t he en t rance 
t h e r e was a s l i g h t amount of bu rb l ing a t the w a l l . However, t h i s e f f ec t 
was qu ick ly damped out and disappeared completely wi th in a few inches 
down the p i p e . Ob s e d a t i o n s were made for var ious en t rance corf i gu ra t ions _, 
but t he bu rb l ing e f f ec t was a minimum for the be l l - shaped en t rance sec -
t ion. 
In the development lead ing to equat ion (7) the d i f f u s i o n of 
m a t e r i a l down the p ipe was assumed n e g l i g i b l e compared to t he m a t e r i a l 
c a r r i e d down the pipe by convec t ion . Schneider (33) and Singh (34) 
, 0 •- 2 
independent ly c a l c u l a t e d the importance of the conduction term c^T/dz' 
for heat t r a n s f e r . They found t h a t t he conduction c o n t r i b u t i o n i s 
n e g l i g i b l e for RePr g r e a t e r than 100. Since the Schmidt number,, analogcus 
to t he P r a n d t l number,, i s l a r g e (Sc = 2.k fo r a i r - n a p h t h a l e n e system),, the 
a x i a l d i f f u s i o n c o n t r i b u t i o n can be s a f e l y neg lec ted fo r Reynolds numbers 
g r e a t e r than 50 . 
The d e n s i t y used in the exper imenta l s tudy was t h a t repor ted by 
Shervood and Trass ( 7 ) . The d e n s i t y va lue exper imen ta l ly measured in 
9̂  
their work was for naphthalene cast on a flat plate and was determined 
to be I0O78 ± 0,012 grams/cc at 20°Co This is five per cent below the 
true density of naphthalene,, While the bulk density of the cast naph-
thalene used in this work was not accurately measured, it was determined 
to be greater than loOO grams/cc Therefore, the density values obtained 
by Sherwood represented the actual fact to within ± five per cent at 
least„ However, this percentage error is probably high since other 
investigations (9) using cast naphthalene cylinders and spheres have 
been satisfactorily correlated using Sherwood:s density value., The 
dif.fusivity has been estimated tc be correct to within ~lo Per cent 
Another matter cf concern in any transport phenomena >7here irregu-
larly shaped surfaces are involved is the transfer area. This is of par-
ticular cone.err. for solids which exhibit large crystalline structures as 
is the case for naphthalene„ A microscopic examination of the cast 
naphthalene used in this work showed that the surface area ;/as quite 
irregular due to the thin plate structure of the crystals,, This would 
increase the surface area available for mass transfer ever what would be 
calculated from the average pipe diameter. Since the actual surface area 
âs not obtained, the transfer area used was based on the average pipe 
diametero Ii: order to estimate an overall experimental error it was 
estimated, based on microscopic observations, that the transfer area could 
bs in error by 10 per cento 
The technique used tc measure the thickness decrease was repro-
ducible to within ± 0.0007 inches providing the guide wires were 
tightened the same amount for the before and after traces „ Sira.ce the 
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taughtr_.ess of t h e g u i d e w i r e s a f f e c t e d t h e amount o f sag of t h e s c r e w , 
which i n t u r n a f f e c t e d t h e i n i t i a l d e f l e c t i o n of t h e t r a c e r a r m , a t e c h -
n i q u e was d e v e l o p e d t o p r o d u c e t h e same amount o f s ag i n t h e sc rew f o r 
each t r a c e . Th i s was done by p l a c i n g t h e t r a c e r f o o t on a p a r t i c u l a r 
p o s i t i o n i n t h e p i p e and o b s e r v i n g t h e t r a c e r beam d e f l e c t i o n on t h e 
r e c o r d e r a s t h e g u i d e w i r e s were t i g h t e n e d , , A s e c o n d a r y check used was 
t o c o u n t t h e t u r n s a p p l i e d t o e a c h g u i d e w i r e n u t and t o a lw ays t i g h t e n 
t o a p p r o x i m a t e l y t h e same number o f t u r n s . I t was o b s e r v e d t h a t a f t e r a 
c e r t a i n amount of t u r n s , a t u r n , one way o r t h e othen, p r o d u c e d l i t t l e 
e f f e c t on t h e amount o f s a g . I t was t o t h i s p o i n t t h a t each ru r was s e t 
u p . 
I n o r d e r t o e s t i r ^ a t e t h e e x p e r i m e n t a l e r r o r i n v o l v e d i n t h i s 
s t u d y , e q u a t i o n (20 ) was r e w r i t t e n a s 
(NA ) , r Amv p r 
*• Av ' loc : w N 
o r 
Amv 
A 9~$ C ~ 
S i • T A B A v 
E q u a t l c n ( 6 l ) was pu t .in t y p i c a l e r r o r a n a l y s i s form a s 
dc* 
(61) 
A {$£-) A , , Ap.T Ar AAC. Afl A & _ ACA i r ^ 
\ dR / A(mv) N w S i __T A3 __Av_ {b2} 
o ^ * ~ "' ~ M v " + p,T " r "' " A_. " 9~ " ~JT~ " C. 
•*,-=— N w Si T AB Axv 
oR 
If the assumption is made that all. errors occur in the same direction at 
their maximum values, then the maximum experimental errcr is 23.9 per cent, 
The experimental results agree within, this limit. 
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CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Theoretical and experimental result,s have been obtained for the 
mass-transfer rates of naphthalene subliming from an isothermal, horizon-
tal pipe wall to an air stream flowing laminarly through the pipe with 
simultaneously developing velocity and concentration profiles. From the 
results of this study, it is concluded that: 
1. The theoretical average results calculated from the mathe-
matical model give agreement within ± 25 per cent of those obtained from 
the experimental investigation. 
2. The average Nusselt numbers for mass-transfer, determined by 
k r 0.0W9 r ^ i 
( * 0 „ = -^^ = 1.85 + S O _ 
1 + 0.0159 te] 
AB'm ~CW~ ^-^ T r„ „ -|0.Q 
A3 
can be used t o c a l c u l a t e the average m a s s - t r a n s f e r c o e f f i c i e n t k . The 
0 x,m 
average mass - t r ans f e r r a t e determined by using k in t h e equat ion 
(X Y ] 
k (rtDL ) '• AbL ~ Abo' 
10 = x > m P F 
n / Aw "' "Abo \ 
In Y v 
;~Aw " AbL 
is approximate ly 20 per cent c o n s e r v a t i v e . 
3„ The exper imenta l l o c a l m a s s - t r a n s f e r r a t e s show a dependency 
on angu la r p o s i t i o n in the t u b e . 
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k. The exper imenta l l o c a l m a s s - t r a n s f e r r a t e s a r e d r a s t i c a l l y 
suppressed a t t he e x i t end of t he pipe by some unknown f a c t o r . 
I t i s recommended t h a t f u r t h e r t h e o r e t i c a l and exper imenta l 
s t u d i e s be conducted in connect ion "with subl imat ion from c r y s t a l l i n e 
m a t e r i a l s . The following s t u d i e s a r e suggested: 
1. Add i t i ona l i n v e s t i g a t i o n s should be under taken to exp la in the 
e f fec t of angular v e l o c i t i e s , , s e t up by f ree -convec t ion e f f e c t s 3 on the 
l oca l m a s s - t r a n s f e r r a t e s . 
2 . Add i t i ona l exper imenta l s t u d i e s should be conducted to d e t e r -
mine the cause for the rapid f a l l - o f f of t he m a s s - t r a n s f e r r a t e a t the 
e x i t end of the p i p e . The e f f ec t of p r e s s u r e , t empera tu re , flow r a t e , 
and concen t r a t i on should be s tud ied as w e l l as the c r y s t a l l i n e s t r u c -
t u r e s of t he subliming m a t e r i a l s . 
102 
A P P E N D I C E S 
10^ 
APPENDIX A 
SUMMARY OF THEORETICAL AKD EXPERIMENTAL RESULTS 
* 9 
Table 7. Theoretical Local Molar Flux N, x 10' 
Aw-




 X l 0 ' " 40 45 50 55 56 5 6 . 1 60 65 70 
.001 if 0.0 6.53 10.3 15.9 2 4 . 2 2 6 . 3 2 6 . 5 3 6 . 6 5 4 . 5 8O.3 
.00? 20.0 5.46 8.57 13.3 2 0 . 3 2 2 . 0 2 2 . 2 3 0 . 6 4 5 . 6 6 7 . 2 
.003 13*3 4,58 7.19 11.1 1 7 . 0 18 .5 18 .6 2 5 . 7 3 8 . 2 5 6 . 4 
.004 10/0 3.89 6.11 9.45 14 .5 1 5 . 7 1 5 . 8 2 1 . 8 3 2 . 5 4 7 . 9 
.005 8 . 0 3.37 5.29 8.19 1 2 . 5 1 3 . 6 1 3 . 7 1 8 . 9 2 8 . 2 4 1 . 5 
.006 6.67 2.98 4.67 7.2.3 1 1 . 1 1 2 . 0 1 2 . 1 1 6 . 7 2 4 . 9 3 6 . 7 
.007 5.71 2.67 4.20 6.50 9 .94 1 0 . 8 1 0 . 9 1 S . 0 2 2 . 4 33.O 
.008 5.00 2.44 3»84 5.94 9 . 0 8 9 .86 9 .94 1 3 . 7 2 0 . 4 3 0 . 1 
.009 4.44 2.26 3.55 5.49 8 . 4 o 9 . 1 3 9 . 2 0 1 2 . 7 1 8 . 9 2 7 . 9 
.010 4.00 2.11 3.32 5.14 7 .85 8 .53 8 . 6 0 1 1 . 9 1 7 . 7 2 6 . 1 
.013 3.08 1.80 2.83 4.38 6 . 6 9 7 .27 7 .32 1 0 . 1 1 5 . 1 2 2 . 2 
.016 2.50 1.59 2.50 3.87 5 . 9 2 6 . 4 3 6 . 4 8 8 . 9 3 1 3 . 3 19 .6 
.020 2.00 1.40 2.20 3>4o 5 . 2 0 5 .65 5 . 7 0 7 .85 1 1 . 7 1 7 . 3 
.025 1.60 1.23 1.94 3.00 4 . 5 8 4 . 9 8 5 . 0 2 6 , 9 1 1 0 . 3 1 5 . 2 
.032 1.25 1.07 I.69 ? £1 
C- . i^r J-
3 . 9 9 4 . 3 3 4 . 3 7 6 . 0 2 8 .97 1 3 . 2 
.o4o 1.00 0.95 I.49 2 . 3 0 3*52 3 .82 3 . 8 5 5 . 3 1 7 .92 1 1 . 7 
.050 0.80 0.84 I.31. 2 . 0̂ 5 3 . 1 1 3 . 5 7 3 . 4 0 4 . 6 9 6 . 9 8 1 0 . 3 
.064 0.63 0.73 1.14 1.77 2 . 7 0 2 . 9 3 2 . 9 6 4 . 0 8 6 . 0 7 8.95 
.080 0.50 0.64 1.00 1.55 2 . 3 8 2 . 5 8 2 . 6 0 3 . 5 8 5 .34 7 . 8 7 
.100 0,40 0.56 0.88 1.36 2 . 0 8 2 .26 2 . 2 8 3 . 1 4 4 . 6 8 6 . 8 9 
(Cont i n u e d ) 
Table (B TheoremIr.al Molar Flux (Continued) 
D p Q - p 
L ^ x 10 4o 4fi 50 55 56 56 .1 60 63 70 
.110 O.36 0 , 5 1 0 . 8 1 1,25 I . 9 1 2 . 0 7 2 . 0 9 2 . 8 6 4 . 2 9 6 . 3 1 
,120 0 = 33 0 .49 0 . 7 7 1.18 1 .81 1.97 1.98 2 . 7 3 ^ . 0 7 6 . 0 0 
,130 0 , 3 1 0.46 0 , 7 3 1 , 1 ^ 1.72 1.87 1,89 2 . 6 0 3 . 8 7 5 . 7 1 
= 150 0 ,27 0 .4? 0.66 1.03 1.57 1 .71 1.72 2 . 3 7 3 - 5 3 5 . 2 0 
,170 0 .24 0 .39 0 . 6 1 0 = 94 1.44 I..56 
"1 F~ ^ 
l . 5 o 2 . 1 7 3 . 2 4 4 . 7 7 
,200 0 ,20 0 ,34 0 .54 O.83 I . 2 7 1 .38 i.4o 1.92 2 . 8 6 4 , 2 2 
,220 0 . 1 8 0 .52 0 . 5 0 0 , 7 7 1.18 1.28 1.29 1.78 2 . 6 5 3 . 9 0 
.250 0.16 0 , 2 8 0 .44 O.69 I . 0 5 1.14 1.15 1.58 2 . 3 6 3 . 4 8 
.280 0 . l 4 0 ,25 0 . 4 0 0 . 6 1 O.94 1.02 1.03 1.42 2 . 1 1 ^ . 1 1 
.350 0 , 1 1 0 .20 0 . 3 1 0 . 4 8 O.72 0 .79 0 = 79 1.09 1.63 2 . 4 0 
.1+00 0 ,10 0,16 0 .26 0 . 4 0 0 . 6 0 0 .66 0 .66 0 . 9 1 1.36 2 . 0 0 
The da ta from L ••••• 0.001 to L - 0.100 a re taken from the numerical so lu t i on of equat ions (13) and 
( 1 4 ) . The remainder are from t h e s o l u t i o n of equation (55)• 
o 
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Table 8. Theoretical Average Molar Flux 
O Q 
(Gm-moles/cm -sec x 10 ) 
^ 5 ~ x 10 '" 50°C 55°C 56°C 60°fi 
+0.0 - _ - 36.6 
20,0 - - 22.2 30.6 
1.3.3 11 .1 17.0 18.5 29 .8 
10.0 9.45 14.5 18.2 28 .3 
3,00 9.32 1.4.3 17.4 26 .7 
6.67 9.05 13.9 16.6 25 .3 
5.71 8.73 13.4 15.8 23.9 
5.00 8.42 12.9 15.2 22 .7 
4.44 8.12 12.4 » 
4.00 i.ek 12.0 14.0 20 .8 
3.33 7.34 11.2 - 19.2 
2.86 6 .91 10.6 - 17-9 
2.66 - - 11.8 -
2.50 _ 10.0 - -
2.35 6.39 - - -
2 .9° - 9-36 - -
2.00 5.79 9.14 10.4 15 .1 
1.60 5 .'42 8.29 9.40 13.6 
1.33 4.99 7.62 3.57 12 .4 
1.1.4 if.65 7.12 - -
1.00 4.36 6.69 7.46 10.7 
0.89 4.13 6o33 _, -
0.80 3.92 6.02 6.6b Q.59 
0 0 73 3.75 5-75 - -
0.67 3.59 5.51 - 3 7 ^ 
0.62 - 5.29 - -
0.57 3.33 5.16 3.63 8.0* 
0.50 3.12 k.7ft - 7.;.? 
0.44 2.94 4 .50 if .94 -
0.4-0 2 .73 4 .27 4 .68 6.70 
0.33 2 .53 3.88 if .2^ 6 .07 
0.29 2 .33 3-57 5.91 3»37 
0.25 2.17 3.32 3.64 5.17 
0.22 2 .03 3 .11 3 .41 if. ^ 
0.20 1.91 2.93 3 .21 4.53 
Table 9 . T h e o r e t i c a l Local dC*/dR 
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Table 10. Theoretical Average dC*/dR 
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Table 1 1 . T h e o r e t i c a l Local Nussel t Nurriters 
ReSc -2 /1VT v ReSc __-2 ,_. 
—77T- ^ 10 (KUA T , ) n —TFT- X 1 0 (foU.-J . . 
z/D v Air lor. z/D v AB'lo" 
40 .0 14 .1 3.09 4 . 4 l 
20 .0 12.0 2 .30 3.97 
13.3 10.3 2 .00 3 . -7 
10.0 8.84 1.60 3.23 
8.0 7.73 1.25 2 .91 
6.67 6 .91 1.00 2 .67 
5/71 6.26 0.80 2 .47 
5.00 3.77 O.-O 2°?3 
4.44 5.38 0.50 2.14 
4.00 5.07 0.40 2 .03 
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Tab le 1 2 . T h e o r e t i c a l Ave rage N u s s e l t Number 
( L a n g h a a r V e l o c i t y ) 
^ • - x 10 (NuAT.) ReSc n _«2 /1VT s 
z/D ^ AB'in TT/TT- X 1 0 ( N U / \ D ) ^ / D " A " ^ u A B ' m 
4o.O 18.2 1.33 5-3.5 
20.0 12.3 1.00 4 . 7 1 
I 3 . 3 12.4 0.80 ^-„2$ 
10.0 11.7 0.371 3.74 
8.0 11.0 0.471 3.48 
6.67 i o . 4 o.4oo 3 .31 
r>.oo 9.37 0.33 3-09 
4 .00 8.60 0.286 2 .93 
2 . ; 7.O5 0.20 2 .61 
1.6 5.78 c . i o 2 .23 
I l l 
Table 13 . T h e o r e t i c a l Nussel t Numbers 
(Graetz So lu t ion) 
^ x l O * 2 ( N u A J n (Nu._) 
z/D v AB loc ^ AB 1 
4o.o 7.30 1.2.9 
20.0 6 .23 9.82 
13.3 5.54 ^.50 
10.0 5.05 7.70 
8.0 4 .69 7.1? 
6 .6? 4.42 6 .7c 
5 .71 ^ . 2 0 6.35 
5.00 4.02 6 .07 
4.44 3.37 5.55 
4 .00 3.74 5.62 
2.00 3.00 4.47 
1.33 2.66 3-9^ 
1.00 2.1+6 3.57 
0.80 2.32 %?5 
0.67 p 2.22 3.15 
0.57 . 2.14 3.02 
0.50 • 2.09 2.9C 
0.44 2.0M- 2.32 
0.40 2 .00 2^2 
0.33 1.95 
0.31 I .93 
0.27 i . 9 0 
0.24 I . 87 £.40 
0.20 1.85 2.52 
0.18 1.85 2.28 
0.16 1.84 2.22 
0.14 I . 8 3 2„ l8 
0.11 1.83 2 .11 
0.10 1.83 2 .08 
2.60 
2 . ~; c. 
2.V7 
I'O 
Table 14. Transfer Numbers for Fu l ly Developed Flo>; 
(Numerical Scheme) 
| ^ * 1 0 - 2 N A w x 1 0 9 ac*/SR (3uA 3) l o ! 
(gm-moles/cm - sec ) 
^o.o 3.5.3 
2 0 . 0 22.7 
I 3 . 3 17.2 
10,0 14.4 
8.0 12.7 
6 .67 11.6 
5 .71 10.8 
5.00 10 .1 
4.44 9.57 
4 .00 9 .11 
3.08 8.06 
2 . s o 7.32 
2 .00 6.60 
1.60 s.95 
1.2? So29 
1.00 ^ .76 
0.80 h.26 
O.63 3-76 








i4-.26 4 .38 
4 ,00 4 .17 
3.78 4 .00 
3.60 3-62 
3.18 3 0 5 
2.89 3.10 




i . 6 Q 2o 20 
l.H-8 2.09 
1.32 2 .00 
1.1.6 2.00 
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Table 15 . Experimental Local Molar Flux (Gin-moles/cm - sec ) 
Run. 19 
T .= 50°C Re .--: 610 
z ReSc n ^_2 TJTT x 1 0 
NA x 1 0
9 
Aw 
Top T r a c e 
N. x 1 0 9 
Ay/ 
Bot tom T r a c e 
L o c a l Average 
Mola r p l u x 
(]\!A V A 10-' 4 A v l o c . . a y . 
7 1 . 4 0 0 .390 - O . 9 I - 0 . 0 3 -O .47 
6 p o 0 8 o . 4 i -O.85 0.1.92 ~0„329 
6 4 - 8 9 0 . 4 3 - 0 . 7 4 0 .795 0 „ 02.7 
6 1 . 4 1 0 .455 -O.55 1.29 0 . 3 7 
5 8 . 2 0 . 4 8 - 0 . 2 5 1.96 0.805 
5 4 . 9 O.51 0 .439 2 .24 1.34 
5 2 , 3 0 .54 0 .494 2 . 4 0 1.4^ 
4 8 . 5 0 .5S 0 .617 2.5.5 i o 5 ^ 
4 5 . 1 0 ,62 0 .742 2 . 7 7 1.76 
4.1.R 0 . 6 7 0 .879 2 . 9 9 1.94 
3 8 . 5 0 . 7 3 1.07 3 . 2 1 2.1.4 
3 5 . 2 0 .79 1.3.3 3 . 4 o 2 . 3 7 
3 2 . 2 0 .87 1.73 3°62 2 . 6 8 
2 8 . 6 0 .98 2.1.4 3 -78 2 . 96 
2 :".2 1.10 2 , 5 8 4 . 0 0 3 .29 
2 1 o 9 1.27 3.O9 4 . 2 5 .5.67 
l ^ o " I..50 5 068 4 . 4 7 4 . 0 7 
ic; .2 1.83 4.2.9 4 . 3 0 4 .55 
1 1 . V 2 . 5 9 4 . 9 7 5 .35 5.1.6 
1.0 „ 0 2 . 7 9 5 M 5 . 7 3 5 .5 8 
8 .5 3 .35 6.0.2 6 .22 6 . 1 4 
6..5 4 . 4 0 6.7=5 6 . 8 5 6 . 8 0 
4 0 7 5-95 7*85 7 . 3 1 7 . 8 5 
3 .9 7 .24 8 .65 8 .55 -?.6o 
5-0 9 .24 9 .64 9 .75 9-69 
2 , 1 9 12 0 70 1.0.70 - 10 .'"0 
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T a b l e 1 6 . E x p e r i m e n t a l L o c a l Molar F l u x (G.m- moles /cm - s e c J 
Run 28 
T ••--•• 5 0 ° C Re =•: 1295 
7 
ReSc , _ - 2 
i7rrx 10 
9 
NA x 10'^ Aw 
Top T r a c e 
N. x 1 0 9 
Aw 
Bot tom T r a c e 
Local. Average 
Molar F lux 
(l\ )^ x 10:' • A v ' l o c . a v . 
7 1 , 4 0 0 .828 - 1 . 6 ? 1-30 - 0 . l 8 c : 
6 8 . 0 8 0 . 8 6 8 -.5.14 0-627 - l 0 2 o 6 
64 089 O.913 " 3 - 3 0 0 .46 -1.4.9. 
6 1 . 4 1 O.965 - 3 . 2 2 0 „ 712 - 1 . 2 5 4 
5 8 . 2 I . O i l - 2 . 7 6 I,, 34 - 0 . 7 1 
5 4 . 9 1.08 - 2 . 1 7 2 „ 1.8 0 . 0 
5 2 . 8 1.14 - 1 . 4 6 2 . 9 3 0 . 7 3 " 
4 8 . 5 1.22 - 0 . 6 6 9 3-56 1.446 
4 5 . 1 1 .31 0 .167 4 . 1 4 2 . 1 5 
^41-8 1 .41 0 .964 4 , 5 6 2 . 7 6 2 
3 8 . 5 1.53 1 . 84 4 . 9 4 3° 39 
35-2 1.68 2 . 6 8 5c4o 4 . 0 4 
92 .2 1.83 3 .45 5-82 4.6'5 
2 8 . 6 2 . 0 7 4 . 2 3 6 . 2 8 5 .2.6 
2 5 . 2 2 . 3 4 5 .12 6 e 7 8 5-95 
2 1 . 9 2 . 6 9 5 .98 7 ,70 6»59 
1.8.5 3 . 1 8 7 .00 3.2.0 7 .60 
l c . .2 3 . 8 7 8 . 2 1 9 .25 ?.73 
1.1.7 5-06 9 . 6 0 .10.62 10.1.1 
1.0 „ 0 5 . 9 1 1.0.4,5 11 .4 1 0 . 9 3 
"*. ^ 7 .09 1 1 . 5 0 12 .4 11 .95 
6 . 5 9 -33 1 2 . 8 0 1 3 . 7 7 1 5 . 2 9 
4 . 7 12 .6 1.4.4 1,5.71 15.06 
3-9 I S . 3 1.5.5 1? • 3? 16.-+3 
,3.0 19 .5 1 6 . 7 9 1 9 . 2 17-99 
2 , 1 9 2 7 . 9 19 .24 2.1.3,5 2 0 . 2 9 
1-66 3.3-6 2 0 . 9 5 2 4 , 2 5 2 2 . 6 0 
115 
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Table 17. Experimental Local Molar Flux (Gm-moles/cm -sec) 
Run 27 
T - 50 DC Re = I.970 
z ReSc n ^ - 2 
i7rrx 10 
NA x 1 0
9 
Aw 
Top T r a c e 
N. x 1(? 
Aw 
Bot tom T r a c e 
L o c a l Average 
Molar F l u x 
A w ' i o c a v . 
7 1 . 4 0 1.26 4 . 0 7 5 . 8 1 -4.94 
6 8 . 0 8 1.32 1.20 3..81 2.SO 
6 4 . 8 9 1.39 - 0 . 2 6 7 2„34 1.. 0^ 
6 i . 4 l 1 .47 - 1 . 2 0 1.67 0 .2 55 
58 .2 1.55 - 1 . 0 0 2 . 6 8 0 .84 
5 4 . 9 1.64 0 .467 3 .94 2 . 2 0 
5 2 . 8 1.73 1 .41 4..75 3 . 0 8 
4 8 . 5 1.86 2 . 0 1 5 . 0 8 3«55 
4 5 . 1 2 . 0 0 2 . 4 8 5 -28 3 . 8 8 
4 1 . 8 2 . 1 5 3 . 0 1 5-25 4.1.3 
3 8 . 5 2 . 3 4 3 . 4 8 5..35 4 . 4 2 
3 5 . 2 2 .56 3 . 8 1 5 «35 4o
r - c 
3 2 . 2 2 . 8 0 4 . 3 5 5-35 4 . 8 5 
2 8 . 6 3 .15 4 . 9 5 5-42 5 .19 
25 .2 3»56 5 .62 5 .48 C Q. C •> ° 7 
2 1 . 9 4 . 1 1 6 . 2 9 5-85 6 . 0 7 
I.80 5 4 . 8 6 6 . 9 0 6 . 5 2 6 .71 . 
15 .2 5 .92 7-76 7 ..42 7*59 
1 1 . 7 7-73 9 .04 8 ..64 8 .84 
.1.0 oO 9.01. 9 .7 ' T 9o44 9 . 6 0 
eo 1 0 . 8 10 .9 10 - 4 1 0 . 7 
6 . 3 14 .2 12 .5 12 „ 4 12 .5 
L. o 7 19 0 2 1 5 . 5 15 .2 1 5 . 3 
3-9 2.3.4 1.7.3 17..3 1 7 . 3 
3.0 2.9,8 1.9.91 2 0 . 3 5 2 0 . 1 
2 . 1 9 4 1 . 2 2 3 . 4 0 2.4 „ 10 2 3 . 8 
I066 5 4 . 3 31-35 3I . .4 
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T a b l e 1 8 . E x p e r i m e n t a l L o c a l M c l a r F l u x (Gin-moles /onT-sec) 
Run 2.3 
T = 55 0 p Re ~ 5'4 0 
z Re So n ^ -2 
77^ x 10 
Nrt x 1 0
9 
Aw 
Nft x 1 0
9 
Aw 
Lo^a l Average 
Mola r F l u x 
Top Trace Bot tom T r a c e (NA ) , .x TO
9 
^ Aw l o c . a v . 
7 1 . 4 0 0 .345 - 0 . 9 1 5 - O . 7 I 8 - 0 . 8 1 7 
6 8 . 0 8 0 . 3 6 1 -O.98O 1.50 0 .26 
6 4 . 8 9 0 .380 - 1 . 0 4 5 2 . 4 8 O.7I8 
6 1 . 4 l 0 . 4 0 1 - 1 . 0 4 5 3 . 0 7 1 .01 
5 8 . 2 0 .423 -O.98O 3 .52 1.27 
5 4 . 9 0 .448 - 0 . 9 1 5 4 . 3 7 1.73 
5 2 . 8 0 .475 -O.9I.5 5 . 1 0 :: . 09 
kS^ 0 .509 - 0 . 5 8 8 5 . 8 1 2 . 6 1 
^ 5 . 1 0.545 - 0 . 1 3 1 6 . 4 0 3 .14 
i f l . 6 0 .489 0 .522 6.9.3 3.73 
3 8 . 5 0 .639 1.24 7 .25 4 . 2 5 
3^ op 0 .700 1.96 7 .45 4 . 7 1 
3 2 . 2 0 .765 2.8.1 7»59 s . 2 0 
2 8 . 6 0 . 8 6 1 3-66 7c 78 5 .72 
2C' .2 0 .975 4 065 8.05 6 .35 
2 1 . 9 1.07 5 .69 8 .24 6 , 9 7 
18 .5 1 .33 6..96 8 .50 -7.68 
IS .2 1 .61 8.1.1 8 .63 8 - 3 " 
11 . 7 2.1.1 9 . 4 8 9 .15 9 .32 
1 0 . 0 2 . 4 6 10 .02 9-65 9 .84 
Q ' o ^ 2 . 9 5 11 .25 1.0.31 1 0 . 8 
6 0 .5.89 1 2 . 4 1 1 1 . 3 0 1 1 . 9 
4 . 7 5 .26 1.4.38 12 .72 I.3.6 
3-9 6 . 4 0 1.6.01 1 3 . 7 1 1 4 . 9 
3 -0 8 .15 1 7 . 9 8 16 .32 l
r 7 . 2 
2 . 1 9 1 1 . 2 0 2 0 . 0 0 2 0 . 3 5 2 0 . 2 
1.66 1 4 . 8 0 2 2 . 5 0 2 4 . 5 0 2 3 . 5 
117 
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Table 19. Experimental Local Molar Flux (Gm-moles/cnT'-aec) 
Run 19 
T = 5 5°C Re •-•• I.305 
z 
ReSc 1 -2 
T/irx 10 
NA x 1 0
9 
Aw 
NA x 1 0
9 
Aw 
L o c a l Average 
Mola r F l u x 
Top T r a c e Bot tom T r a c e (N. ) . x 1 0 9 v Av l o c . a v . 
7 1 A 0 _ _ _ _ 
6 8 . 0 8 0 .873 3 . 2 1 6 .26 W 3 
61-. 89 0 . 9 1 7 3 .29 7 . 9 1 5 . 6 0 
6 1 . 4 l O.968 3 .44 8 .22 5 083 
5 8 , 2 1.02 3 .52 7 . 5 9 5 .56 
5 4 . 9 1.08 3 . 6 0 5 . 8 7 4 . 7 4 
5 2 . 8 1.15 3 .72 5 .94 4 . 8 5 
4 8 . 5 1.25 3-84 6 . 0 3 4 . 9 4 
4 5 . 1 1.32 3 . 9 9 6 . 1 0 5 .05 
4 l „ 8 1.42 4 . 3 0 6 . 2 6 5 . 2 3 
38 .S 1.55 4 . 8 9 6 . 3 4 5-62 
5 5 . 2 1.69 5 . 7 1 6 . 5 7 6 . 1 4 
5 2 . 2 1.85 6 . 4 2 6 . 7 4 6 . 5 8 
2 8 . 6 2 . 0 8 7 .12 6 . 9 7 7 .05 
2 5 . 2 2 . 5 5 7 .63 7 .44 7 .54 
2 1 . 9 2 . 7 1 8 .22 7-99 80.10 
18 .5 3 . 2 1 8o93 8.76 8 . 8s 
15 ,2 3 . 9 0 9 -71 9 .32 9 0
c, l 
1 1 , 7 5 . 1 1 10 .64 IO.25 10.4'5 
1.0.6 5-95 1 1 . 7 0 11 .72 1 1 . 7 1 
8 . ^ 7 . 1 ^ 
1 • - i~ 
13 ,15 13 .15 13 .15 
6.5 9 .40 15 06 15 .65 15 .6 
4 . 7 1 2 . 7 0 19-3 1 8 . 8 19 .05 
5 . 9 15 .45 2 2 . 0 2 1 . 1 2 1 . 6 
5 . 0 1.9.70 2 5 . 1 2 3 . 6 2 4 . 5 5 
2.1.9 2.7.IO 2 8 . 9 26 .45 2 7 . 6 8 
1.66 ^ 3 . 7 - 3 0 . 0 3 0 . 0 
11.9 
o 
Tab le 2 0 . E x p e r i m e n t a l L o c a l Molar F l u x (Gm-moles/cm - s e c ) 
Run 24 
T = 55 °C Re .v: 1.̂ 35 
9 9 
ReSc n_-2 NA x 10^ NA x 10^ Local Average 
-+F— x 10 Aw Aw ., .. — -
7D „. „ , , Mola r .TH îx 
z Top T r a c e Bot tom T r a c e ,__ f _ _9 
(N. )_ x 10 Aw l c 0 av 
7 i . 4o 0.982 2.52 5.75 
66.08 1.05 2.63 6.69 
64 o 89 1.08 2.74 7.24 
61.41 1.14 2.96 7.68 
^8.2 1.21 .5.29 8.11 
54.9 1.28 5.94 8.22 
5 2 . p 1.35 4 .60 8.44 
48.5 I .45 5.25 8.66 
45 .1 1.55 5.75 8.76 
41 .8 1.68 6.46 8.87 
38.. 5 1.82 7.12 9.05 
55.2 1.99 8.00 9.20 
52.2 2.18 8.65 9.32 
28.6 2.46 9.53 9-37 
p^~ P 2.77 10.4 9.54 
21.9 5.20 11.67 9.65 
I.3.5 3.78 1.5.05 9»97 
I.5.2 4 .60 14.50 10.95 
110 7 6.02 16.30 12.8 
10 .0 7.00 1.7. s 2 14.4 
8.^ 8.41 18.9.5 16.7 
6 .5 11.05 20 .8 1.9.5 
4 . 7 1-4.95 24.0 25 .7 
3-9 18.2 26.5 26.5 
5.0 25.2 29.2 30 .1 
2.19 52.0 32.9 55.4 
1.66 42,5 37.2 36.7 




























Table 2 1 . Experimental Local Molar Flux (dm-moles/cm - s ec ) 
Run 21 
T - 60°C Re - 5V 
z 
ReSc n . - 2 
—7T7- x 1° Z/D 
N. x 109 




Top Trace Bottom Trace Molar Flux 
(NA )-, x 1.0
9 
Aw loc. av. 
7 1 . 4 0 0.349 -8.65 -6.91 -7-78 
6 8 . 0 8 0.365 -8.65 -5.45 -7.05 
6 ^ . 8 9 0.383 -8.65 -3.91 -6 .28 
6 1 . 4 1 0.405 -8.42 -2.33 -5.38 
5 8 . 2 0.428 -8..12 0 . 0 -4.06 
5 4 . 9 0.454 -7.81 1.35 .-.3.2.3 
5 2 . 8 0.480 -7.29 3.01 -2.14 
48»5 0.514 -6,.46 4.36 -1.05 
4 S . 1 0.552 -5.56 5.56 0 . 0 
4 1 . 8 0.594 -4.58 6.54 O.98O 
3 8 . 5 0.647 -3.O6 7.14 2.04 
3 2 . 2 0.774 -0.601 8.15 3.78 
2 3 . 6 0.872 -0.0826 3.33 4.12 
2 5 . 2 0.987 2.33 8.37 5-35 
210 9 1.14 3-98 8.64 6.31 
18.5 1.34 5.7I 9-16 7,44 
1.5,2 1.64 7.52 10.0 8.76 
1.1 „ 7 2.1.4 9.70 10.7 10.20 
10 -6 2.49 10.72 11.7 11.21 
2.99 12.2 12.7 12.45 
6 . ^ 3-93 .1.4.0 14.4 A . 2 
)_: o 7 ^.32 16.6 17»3 16.95 
3 . 9 6.47 18.5 19.3 lS.90 
3-0 8.24 21.0 22 .2 2.1.6 
2 . 1 9 11.35 24.4 27.7 26 . 0
CJ 
1.66 15.O - 34.6 3 4 , 6 
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Table 21 (Continued) 
Run 21 
T =-. 60°G Re .•= SV5 
ReSc n ^ -2 NA x 1 0
9 N'„ x 10^ 
7 •i7D-x 1 0 Aw 
Back S i d e T r a c e 
Aw 
F r o n t S i d e T r a c e 
71.1+0 0 .349 - 5 . 6 6 - 7 . 2 9 
6 8 . 0 8 O.365 - 5 . 4 3 - 6 . 9 8 
6 4 . 8 9 O.383 - 5 . 2 6 -6.5-+ 
6 1 . 4 1 0 .405 - 4 . 8 8 - 5 . 9 5 
58*2 0 . 4 2 8 - 4 . 2 1 -5.1.8 
5 4 . 9 0 .454 - 3 - 4 6 - 4 . 4 3 
5 2 . 8 0 . 4 8 0 - 2 . 6 3 -.5.16 
4 8 . 5 O.514 - 1 . 7 3 - 1 . 9 5 
4 5 . 1 0 .552 -O .827 -O.902 
4l.8 O.594 0.1.5 .. — 
^8 c; 0 . 647 I. .13 1.35 
5 5 . 2 0 .709 2 . 0 5 2 .55 
32 .2 0 .774 2 . 8 6 3 . 6 1 
2 3 . 6 0 ,872 3 . 6 3 4 . 5 1 
25 .2 0 . 9 8 7 4 . 3 6 5 .26 
2 1 . 9 1 .158 5 .42 6 . 0 8 
18 .5 1.34 6 . 5 7 6 . 9 8 
15 .2 1.64 7 . 9 0 8 .19 
1.1.7 2.1.4 9 .02 9 . 6 1 
1.0.0 2 . 4 9 9 -77 1 0 . 6 8 
8 .5 2 . 9 9 1 0 . 6 0 1.1.80 
6 . 5 5-95 1 1 . 8 0 13 .09 
L ° < ' 5 .32 1 3 . 6 0 1.4.29 
5-9 6 . 4 7 1 4 . 9 0 15 .05 
3 . 0 8 .24 1 6 . 8 1 15 .79 
2 . 1 9 1.1.35 19.8.1 16.55 
1.66 1 5 . 0 2 3 . 8 0 1.7.65 
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Table 22. Experimental Local Molar Flux (Gm-moles/cm -sec) 
Run 22 
T - 60 °C Re .-=: 1315 
z ReSc n _ - 2 
i7^"x 10 
N x 1.09 
AY 
Top T r a c e 
NA x 1 0
9 
Av 
Bot tom T r a c e 
L o c a l Average 
Molar F l u x q 
(NA )_ x 10-Aw l o c . a v . 
7 1 . *K) 0 . 8 4 1 - 2 . 9 0 -4.111 - 3 . 3 2 
6 8 . 0 3 0 . 8 8 - 2 . 7 3 »0„497 - 1 . 6 1 
6 4 . 8 9 0 .925 ~2 .48 1..16 - 0 . 6 6 
6 1 . 4 1 0.975 - 2 . 1 5 2 „07 - 0 . 0 4 
5 8 . 2 1.03 - 1 . 5 7 2..48 0 .46 
5 4 . 9 1..09 - 0 . 5 8 0 2 ,.81 1.12 
5 2 . 8 1.15 0 .414 3 « l 4 1 .7" 
4 8 0 1.23 1.24 3^52 2 . 3 8 
4 5 . I 1.33 2 . 1 5 3 . 8 0 2 . 9 8 
4 1 . 8 1.43 3 . 4 8 4 c 72 4 . 1 0 
5 9 . 5 1.56 5.1.3 5 . 7 1 5 ,42 
3 5 . 2 1.70 6 . 7 0 6 . 7 9 6.7^ 
3 2 . 2 1.86 8 .03 8 . 1 1 8 . 0 7 
2 8 . 6 2 . 1 0 905 9 . 1 1 9 . 2 3 
25 ,2 2„37 1 1 . 0 10 .5 10 0 75 
2 1 , 9 2 . 7 3 1 3 . 0 1 2 . 0 12 .5 
1.8.5 3 . 2 3 15 .2 I.5.6 1.4 o4o 
15 ,2 3 . 9 3 1 7 . ^ I.5.4 I f . 4 
1.1.7 5.1,4 19 .6 18 .4 1 9 . 0 
10 o0 3°99 2 1 . 3 2 0 . 6 ? l . p 
P . 3 7 . 2 0 2 4 . 9 2 4 . 0 2 4 . 4 5 
6 . 3 9A6 2 9 . 6 2 8 . 6 2 9 . 1 
-•>7 12 „ 9 35-6 3 4 . 6 3 5 . 1 
3»9 15 .6 3 9 - 0 39..3 3 9 . 1 ? 
3 . 0 1 9 . 8 4 2 . 6 4 6 . 2 4 4 . 4 
3 . 1 9 2 2 . 7 4 6 . 0 - 4 6 . 0 
1„66 3 6 . 0 5 0 . 0 0 5 0 o 0 
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Table 22 (Continued) 
Run 22 
T = 60°C Re - I.3I5 
z 7ET 
ReSc n -2 N„ x 10
9 
x 10 AY 
Back Side Trace 
71.40 0.841 -1-99 
68.08 0.88 -1 .41 
64.89 0,925 -1 .24 
61 .41 O.975 -0 ,99 
58.2 1.03 -O.79 
54.9 1.09 0.20 
52 .8 I..15 1.16 
48.5 1-23 2 .07 
4 5 . 1 1-53 2 .98 
41 .8 l.Ji3 4.14 
38.3 1.56 5-.30 
35.2 1.70 6.55 
32.2 1.86 7.36 
28.6 2 .10 9 .31 
25.2 2 .37 10.78 
21.9 2 .73 12.41 
18.5 3-23 14.32 
15.2 3.93 16.59 
1.1 o7 5.14 19.56 
10„0 5.99 22.00 
Q*5 7.20 2 5 . 1 
6-3 9-46 29 .8 
4 .7 12.80 33.6 
3-9 15-6 39 .1 
3 .0 19-8 44 .3 
2.19 22 .7 51 .3 
1.66 36-0 
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Tab le 2 3 . E x p e r i m e n t a l L o c a l Molar F l u x (Gm-mol.es/cri~-sec.) 
Run 26 
T =r- 60°C Re =! I.570 
ReSc n -2 
—PFT- x 10 
N. . x 1 0 9 N. x 1 0 9 
Aw Loca l Average 
z z/D Top T r a c e Bot tom T r a c e Molar F lux 
(N. ) 1 x 1 0
9 
v Aw lo r : . a v , 
7 1 . 4 0 1.00 - 0 . 5 4 9 5 -13 I . 5 2 
6 6 . 0 8 1.05 - 1 . 2 1 5 .29 1.04 
6 ^ . 8 9 1 .11 - 1 . 6 4 5 . 7 5 1 c 0
r-
61... 4 1 1.17 - 1 . 8 6 U.2Q 1.21 
5 8 . 2 1.2.3 - 1 . 5 5 4 . 9 4 1 . 70 
5 4 . 9 1 .51 -O.436 5-59 2.
->Q 
5 2 . 3 1.38 1.32 6 . 3 1 5 .82 
14-8-5 1.48 2 . 6 4 7 .24 4 . 9 4 
45 ol 1-59 3-95 8 .23 6 . 0 9 
^i.3 1.71 5 . 7 1 9 . 4 3 7 . 5 7 
5 9 . 5 1.36 7 . 5 3 IO .3 8 .94 
55-2 2 . 0 3 9-,54 11 .2 1 0 . 2 7 
52.2 2.2.3 10 .4 1 2 . 1 11 .25 
2.3.6 2 . 5 1 1.1.7 13 .2 12 .45 
2 5 . 2 2 . 8 4 1.3.2 1 4 o 13-35 
2 1 . 9 3 . 2 7 1 4 . 8 1 5 . 8 I5 .3O 
1.8.5 5-96 16.T 17 .4 16.95 
1 '=; (| O 4 . 7 0 1.8.7 19 .2 18 .95 
1.1.7 6 . 1 4 2 1 . 0 2 1 . 4 2.1.2 
1.0 „ 0 7.16 2 2 . 2 2 2 . 7 2.2 .-f-5 
^ o ~ 8 .60 2 3 . 7 2 4 . 2 2 3 . 9 o 
6 0 1 1 . 3 2~ .8 2 6 . 8 2 6 . 3 
!+. ."" 15-. 5 2 8 . 6 3 0 . 1 29 -55 
5 .9 19 .6 5 1 . 3 32 .4 32 .10 
3 .0 2 3 . 7 3 4 . 6 3 ^ . 9 34 .75 
2 . 1 9 52 .7 _, 3^.4 3 8 . 4 
1.66 4 ^ . 2 - 'kh.k 4.4.4 
Table 24 . Experimental Local Molar Flux (Gm-moles/crr. - sec ) 
Run 1.3 
T - 56 °C Re r_- 1.405 
ReSc , -2 
F7rTx 1 0 
7 1 . 4 0 - ,., 
6 8 . 0 8 0 .939 5-97 
6 4 . 8 9 O.988 6 . 2 9 
6 1 . 4 1 i . o 4 6 .62 
1.10 6 . 8 5 
s 4 . 9 1.1.7 7.1.8 
5 2 . 8 1.24 7 . 4 3 
4 8 . 5 1.32 7.66 
45=1 1.42 7 .99 
4 l o 8 1 .5^ 3 .72 
3 3 . 5 1.66 8 , 4 7 
35-2 1.82 8 . 7 1 
32 .2 1.99 9 . 0 7 
2 3 . 6 2 . 2 4 9 . 4 7 
2 5 . 2 2 . 5 4 1 0 . 0 
2 1 . 9 2 . 9 2 1.0.7 
1.8.5 3 A 5 1.1.5 
15 .2 4 . 1 9 12.6 
11 .7 5 . 4 8 1 4 . 3 
1 0 . 0 6 . 4 o 15 • 7 
8 .3 7 . 6 8 1 •-? c 1.1.^ 
6 . 3 1.0.1 2 0 . cj 
4 - 7 1 3 . 7 2.4 . 9 
5>9 16.6 P'7 R 
3 . 0 2 1 . 2 31.2 
2.1.9 2 9 . 2 35.6 
1.66 4 7 . 1 41.7 
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Table 2 5 . Experimental Local Molar Flux (Gm-moles/cm -sec) 
Run 14 
T - 56°C Re = I7OO 
R e S c i n " 2 ivT in9 
x 10 Nn x 10 z/D Aw 
71.40 
68-OS 1.14 2.16 
64.89 1.20 2.82 
6 l . 4 l 1.26 3-73 
58.2 1.33 4 .47 
54.9 1.42 5.14 
52.3 1.50 ^.72 
48.5 1.60 6 .38 
4 5 . 1 I .72 6.96 
41 .8 1.85 7-46 
38.5 2 . 0 1 7.80 
35»2 2 .21 8.13 
32.2 2 .41 8.62 
28.6 2.72 9.28 
25'o2 3.07 1.0.02 
21.9 3.54 10.9 
I.3.5 4 .18 12.0 
1.5.2 5.O8 1.3.2 
1.1 o 7 6o6rp 14.7 
10.0 7.76 16 A 
6.3 9 .31 18.6 
6 .3 12.2 21.9 
4 .7 16.6 27 .8 
3.9 2 0 . 1 31.2 
3.0 2.5.7 35.5 
2.019 35.4 41.4 
1.66 57 .0 4 3 . 1 
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T a b l e 2 6 . E x p e r i m e n t a l L o c a l Molar F lux (Gm-moles/cm - s e c ) 
Run 5 
T = 56 °C Re - 513 
Rl x 10 9 Av 
71 > o 0 .34 - 2 . 6 6 
6 8 . 0 8 0 .358 - 2 . 0 2 
6^069 0-376 -3 . 4 Q 
6 1 . ^ 1 0 .397 - 3 . 1 2 
5 8 . 2 0.4-19 _ 1 1; 7 
sit- ,9 0 .44 - 0 . 8 2 6 
5 2 , 8 0 .47 1.84 
k&.* 0 . 5 0 3 . 3 1 
4 5 . 1 0 o ' + 5 .15 
4 1 . 8 O.58 6 . 5 2 
3 8 . 5 0 . 6 3 7-58 
35 .2 0 . 6 8 8o2^ 
3 2 . 2 0 .75 8 . 8 1 
3 8 . h 0.84 9 .64 
01; 0 0.95 1 0 . 7 
2 1 . 9 1.03 1 1 . 7 
1Q .5 1.29 12 .3 
15 o2 1.57 13 .2 
i l .T 1.99 14 .4 
10 nC 2 .22 lr .2 
8-3 2 . 6 1 l £ o 
6.3 3 .1S 1 8 . 2 
8 0 7 5 .94 2 1 . 2 
; °9 4 .56 2 4 . 2 
^ 0 - -
2 . 1 9 
1.66 
127 
Table 27 . Experimental Local Molar Flux (Gm-moles/cEL -sec) 
Run 8 
T = 56 °C Re *--: 764 
ReSc n - 2 ,T c 
x 10 Nfl x 10-z /D Aw 
71.40 0.488 
68 .08 0.512 2.82 
64.89 0.528 4 .07 
61 .41 0.568 s . 4 l 
58.2 0.60 6059 
54.9 0.635 7.45 
52 .8 0.673 8.13 
48.5 0.720 8.78 
4 5 . 1 0.773 9.25 
41 .8 0.334 10.2 
3.3.5 0.904 1.0.9 
35.2 0.992 1.1.6 
32,2 1.08 1.2.2 
28.6 1.22 12.7 
2;,".2 1.38 13„2 
21.9 1.59 l3o9 
1,8.5 1.88 1.4.7 
i f . 2 2 .29 i s .7 
11.7 2.99 1.7.1 
1.0.0 3.48 18 .1 
p'. ^ 4 .18 19.2 
6 .3 5.50 20 .7 
4 . 7 7.44 22.4 
3.9 9.05 23.6 
3.0 11.6 2 5 . 1 
.9.19 15.9 27.4 
1.66 
12 
T a b l e 2 8 . E x p e r i m e n t a l L o c a l Mola r F lux (Gm-mcles/cm - s e c ) 
Run 9 
: 56°C Re 860 
ReSc i n - 2 
—rrr- X 10 
z./D 
N. x 10-' 
Av 
7 1 . 4 0 
6 8 . 0 8 
6 4 . 3 9 
6 1 . 4 1 
5 8 . 2 
5^-9 
5 2 . 3 
4 8 . 5 
4 1 . 8 
58 .5 
3 5 . 2 
32 „ 2 
2 3 . 6 
pc; p 
21o9 
11 o 7 
1 0 . 0 
a-3 
6.3 
k ° 7 
3*9 
3 . 0 
















2 . l i 
2 . 5 7 
3«36 
3 .92 








6 . 3 7 
6 . 9 0 
7 . 5 8 
8 .26 
9 = 03 
1 0 . 0 
1 6 . 8 





1 3 . 3 
1 5 . R 
14 .4 
1.5.0 




2 2 . 3 
24 . r 
2 7 . 5 
52 .2 
4 2 . 4 
129 
o 
Table 29 . Experimental Local Molar Flux (Gm-moles/cm - sec ) 
Run 10 
T - 56 °C Re 
ReSc -2 
W" x 10 

















































































Table 30. Experimental Average Molar Flux (G-m- moles /cm' - s ec ) 
T = 50°C 
Run. 19 Run 28 Run 27 
ReSc n - 2 ,.T v lrS ReSc 1 _-2 ,-,T x 
•—tr?~ x 1.0 ' N . J x 10^ /^ x 10 (N. ) x 1.0 
z/D • Av< m z/D * Avrm z 
•9 R e S C x I D ' 2 (N. ) x 109 
s Awz, 
1 3 , 3 1.0.8 33 06 2 2 . 6 5 3 - 3 2'
7o8 
1 0 . 0 9 . 9 0 2 0 . 0 1 8 . 1 4o.o °^o6 
8 .0 9 .82 1 3 . 3 1.7.7 2 0 . 0 1 9 . 7 
6067 9 -60 1.0.0 1 7 . 0 13 .3 1.7.9 
5 . 7 1 9 .36 8 .0 1.6.2 1 0 . 0 1.6.1 
5 . 0 9.1.3 6 . 6 7 15 .5 8 .0 1 4 . 3 
if .44 8089 5 . 7 1 1 4 . 9 5 . 3 3 12 .5 
4 . 0 8 .67 5 . 0 0 14 .4 4 . 0 0 1 1 . 0 
5 -33 8.26 4 . 0 0 13 ,4 5 .20 9.93 
2 ,66 7 .90 2 . 6 7 11 .5 2 , 6 6 9 . 1 0 
2-35 7 A3 2 . 0 0 1 0 , 1 2 . 0 0 7.6.3 
2 , 0 0 7oOS 1.60 9..00 1.07P 7 . 2 1 
1.60 6 .56 1.33 8 . 0 1 1.60 6.6^ 
1.33 6 . 1 3 1.14 7 .08 1.45 6.13 
J . 1.4 %76 1.00 6 . 1 9 I033 5.71 
10 0 0 5.44 0 .89 5 .39 - -
0o89 5 .15 - - _ _ 
0 .30 4 0 8 9 - - - -
0 .67 4 . 4 4 - „ , - -
0 ,37 4 . 0 5 - „ - -
0oS'3 3 .88 - - - _. 
0 . 50 3A7 - - - ». 
0-44 . 3 . 0 9 - .. - ,., 
0 . 3 9 2 . 7 1 - - ~ _. 
1 ^ 1 I.J.X. 
Table 3 1 . Experimental Average Molar Flux (Gm-mol.es/cm -sec) 
T = 55°C 
Run 23 Run 1.5 Run 24 
ReSc 1 -2 ... v ,_9 ReSc n - 2 ,.T v n _9 ReSc , -2 ,_T N —fir-x 10 (N. ) x l O y —7^- x 1.0 (LT. ) x l O y —7^7- x 10 (N. ) x 1.0 z/D v Aw m z/D v Aw m z/D v Aw m, 
20 .0 24 .1 40 .0 29.7 42 .3 37.0 
1-3.3 21 .1 2.0.0 24.6 32.O 34.2 
10.0 20 ,8 13.3 23 .8 20.0 33.0 
8.00 20.7 10.0 23.0 13.3 ^0.3 
6.67 19.6 8.00 21 .1 10.0 28.0 
5.00 1 8 0 5.71 I 8 . 7 8.00 2 6 . 1 
^ . 00 I.7.2 4 .00 16.3 6 .67 24.4 
2 .67 1.5.2 3.20 14.9 ^ . '
71 23..I. 
2 .00 I.3.8 2 .67 13.8 5.00 21.9 
1-33 12.0 2.00 12.3 4 .00 20 .0 
1.00 10.8 1.60 11.1 3.20 1.8.3 
0„8o 9-63 1.33 10.2 2o67 16.9 
O.67 8.83 1.14 9.43 2.00 1.5.0 
0.31 8.1.4 1.00 8.88 1.60 13.6 
0o50 7.49 O.89 8.52 1.33 1.2.4 
0.44 6089 - _ 1.14 11.5 
o.4o 60 33 - - 1.00 10.7 
0.36 5.82 - - - -
0.35 5.53 - - - -
1.32 
T a b l e 3 2 . E x p e r i m e n t a l Average Molar F l u x (Gm-moles/c.iri - s e c ) 
T - 56°C 
Run 1.3 Run l4 
f ^ £ x l 0 - 2 (K...)xlX? 
z/D Aw m 
k7A 41.7 57.O ^ 8 . 1 
2 9 . 2 35^6 35 .4 4l„4 
2 0 . 0 34,8 20 .0 39.2 
130 32.4 13 0 3 35.2 
1 0 . 0 29.9 10.0 31.7 
8.00 27 .8 80OO 29.0 
6.67 25,9 6o67 26 .8 
5-71 24.4 5.71 25 .0 
5.00 23 .1 5,00 23.6 
4 .00 2 1 . 1 4.44 2 2 . 4 
3*33 19.5 4 .00 21.3 
2.36 18.3 3*33 19.7 
2 . 0 0 1.5.8 2,86 1.8 O 
I.06O 1.4 .4 2 . 5 0 1.^.2 
1.33 13-3 2 o 0 0 1.5.4 
1.1.4 12.5 I 0 6 O 1,5.7 
lo 00 11.08 10.33 12 u3 
1.14 11.0 
^ * l o " 2 <S. ) x 109 
z /D ' Aw 1 
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Table 3 3 , Experimental Average Molar Flux (Gm-mol.es/cm -sec) 
T - 56 °C 
Run 21 Run 22 Run 26 
5 2 | £ x 1 0 -
2 (» ) x i 0 9 ^ £ x ID"
2 (NA ) x l O
9 ^ x 10"2 'N ) x l.o' 
z/D v Aw m z/D ^ Aw m z/D • AWE. 
. 5 . 0 5^ .6 36 oO 5 0 . 0 4 3 . 2 4 4 . 4 
.1.4 26 oO 2 2 . 7 4 6 . 0 3 2 . 7 5 8 . 4 
8 .00 2 5 , 2 2 0 , 0 45«9 2 0 . 0 3 7 . 3 
606T 2 4 . 3 13 0 3 43.9 1 3 . 3 3 4 . 9 
5 .00 2 2 . 7 1 0 . 0 4 1 . 3 1 0 . 0 3 2 . 8 
4 . 0 0 2 1 . 2 8 .00 38 .6 8 .00 3 1 . 1 
2 . 6 7 1P.5 6.67 36 «3 6067 29 0 7 
2 . 0 0 I606 5 . 7 1 3 4 . 2 5 . 7 1 2 8 0
c 
1-33 13 09 5«00 3 2 . 4 5 . 0 0 2 7 . 5 
1.00 1 2 . 1 4 . 0 0 2 9 . 4 4 . 0 0 2 5 . 7 
0 . 8 0 1.0.6 3-33 2 7 . 1 3..33 2 4 . 2 
0 . 6 7 9»36 2 .86 2 5 . 2 2 . 8 6 2 2 . 8 
0 . 5 7 8 .23 2 . 5 0 2 3 . 6 2 . 5 0 2 1 . 6 
0 .50 7 . 1 3 2 . 2 2 2 2 . 1 2 . 0 0 19 .5 
0 .44 60O3 2 . 0 0 2 0 . 9 1.60 17 c 3 
0 . 4 0 4 . 9 5 1.60 1 8 . 1 1-53 1 5 . 1 
0 .55 3-43 1-33 1,5 0 9 1.1.4 13 0 2 
- - 1.14 13 -9 1.00 .11.7 
- - 1.00 1 2 . 5 _. ,,„ 
- - 0 .89 1.0.9 _ -
13* 
Table 34. Experimental Local dC /dR 
T = 50°C 
Run 19 Run 28 Run 2~ 
ReSc _ -2 v~*/>n ReSc n -2 A * / V n ReSc . -2 ^ * ^ n 
—7-- x 10 dC /dR —ys- x 10 dC /dR -y=p x 10 dC /dR 
0 .390 - O . 3 9 2 0 . 8 2 8 - 0 . 1 5 4 1 . 2 6 4 . 1 3 
o.4i - 2 . 7 5 0 . 8 6 8 - 1 . 0 6 1 . 3 2 2 . 0 9 
0 . 4 3 0 . 0 2 2 0 . 9 1 3 - 1 . 1 8 1 . 3 9 0 . 8 7 
0 . 4 5 5 0 . 3 0 9 0 . 9 6 5 - 1 . 0 4 1 . 4 7 1 . 9 6 
0 . 4 8 0 . 6 7 5 1 . 0 1 - 0 . 5 9 5 1 . 5 5 0 . 7 0 
0 . 5 1 1 . 1 2 1 . 0 8 0 1 . 6 4 1 . 8 4 
0 . 5 4 1 . 2 1 1 . 1 4 0 . 6 2 1 . 7 3 2 . 5 8 
0 . 5 8 1 . 3 2 1 . 2 2 1 . 2 1 1 . 8 6 2 . 9 7 
0 . 6 2 1 . 4 7 1 . 3 1 1 . 7 9 2 . 0 0 3 . 2 4 
0 . 6 7 1 . 6 2 1 . 4 1 2 . 3 0 2 . 1 5 3 . 4 5 
0 . 7 3 1 . 7 9 1 . 5 3 2 . 8 3 2 . 3 4 3 . 6 9 
0 . 7 9 1 . 9 ? 1 . 6 8 3 . 3 8 2 . 5 6 .3 .83 
0 . 8 7 2 . 2 4 1 . 8 3 .3 087 2 . 8 0 4 . 0 5 
0 , 9 8 2 . 4 7 2 . 0 7 4 . 3 9 3 . 1 5 4 . ^3 
1.1.0 2 . 7 5 2 . 3 4 4 . 9 7 3 . 5 6 4 . 6 3 
1 . 2 7 3 . 0 6 2 . 6 9 5 . 5 0 4 . 1 . 1 5*05 
1 . 5 0 3 . 4 0 3 . 1 8 6 . 3 5 4 . 8 6 5.6o 
1 . 8 3 3 . 8 0 3 ° 8 7 7. .30 5 . 9 2 6.35 
2 . 3 9 4 . 3 1 5 . 0 6 8 . 4 5 T»T3 7„4o 
2 . 7 9 4 . 6 6 5 * 9 1 9 . 1 0 9 . 0 1 8 . 0 0 
3 ° 3.5 5.1.5 "7.09 1 0 . 0 1.0.8 8 . 9 5 
^.4o S . 7 0 9 - 3 3 1 1 . 1 1 4 . 2 1 0 . 4 
5 - 9 5 6 . 5 5 L 2 . 6 1 2 . 6 1.9.2 1 2 . 3 
7.,2k 7 . 2 0 1 3 0 1 3 . 7 2 3 . 4 14 0 5 
9 . 2 4 8 . 1 0 1 9 . 5 1 5 . 0 2 9 . 8 16. c 
P „ 7 8 . 9 5 2 7 . 9 1 6 . 9 4 1 . 2 19.9 
„ 3 3 - 6 1.8.9 5 4 . 5 2 6 . 3 
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Table 35. Experimental Local dC'̂ /dR 
T = 55°C 
Run 23 Run 15 Run. 24 
icf2 dc*/dR 5£p£ x io"2 ac*/SR 5^£ x 10-2 a c* / a R 
0.345 - 0 . 4 4 6 0 .873 2 . 5 8 0 .982 2 . 2 7 
O.361 0 .142 0 .917 .5.10 1.03 2 . 5 4 
O.380 0 .392 O.968 3 . 1 8 1.08 2 . 7 3 
0 . 4 0 1 Oo55 1.02 3.04 1.1.4 2 . 9 1 
0 .423 0 .695 1.08 2 . 5 9 1.2.1 5.1.1 
0 .448 O.945 1.15 2 . 6 4 1.28 3 -33 
0 A 7 5 1.14 1.23 2 . 7 0 1.35 3 . 5 7 
O.509 1.43 1.32 2 . 7 6 1.45 3 . 3 0 
O.545 1 .71 1.42 2 . 8 9 1.55 3 .98 
O.589 2 . 0 4 1.55 3-07 1.68 4 . 1 9 
0 .639 2 - 3 3 1.69 3°36 1.82 4 . 4 2 
O.700 2 . 5 8 1.85 3 »59 1.99 4 . 7 0 
O.765 2 . 8 5 2 . 0 8 .5.85 2.1.8 4 . 9 1 
0 . 8 6 1 3-12 2 . 3 5 4 . 1 2 2 . 4 6 5 .15 
0 .975 3o47 2 . 7 1 4 . 4 3 2 . 7 7 5 .45 
1.07 3 - 3 1 3 . 2 1 4 . 8 9 3 . 2 0 5 °85 
1.33 4 . 2 0 3 -90 5 . 2 0 3 .78 6 . 3 0 
1 .61 4 . 5 7 5 . 1 1 5-75 4 . 6 0 6 . 9 5 
2.1.1 5.1.0 5-95 6 . 4 0 6 . 0 2 3 .00 
2„46 5 . 4 o 7 .14 7 . 2 0 7 . 0 0 5.75 
2 . 9 5 5 .90 9 . ^ 0 3 .55 3 . 4 1 9.7E; 
5*89 6 . 5 0 1 2 . 7 1.0.4 11 .05 1.1.0 
5.26 7 . - 5 15 .5 1 1 . 8 1.5.0 1 3 . 0 
6 . 4 0 3 .15 1.9.7 1.5.3 18 .2 14 .5 
8.15 9 . 4 0 2 7 . 1 15 .2 2 3 . 2 ie «:? 
1 1 . 2 1.1.0 4 3 . 7 1.6.4 =52.0 18.-< 
1.4.8 12 . ^ - - 4 2 . 3 2 0 . 2 
1.36 
Table 36. Experimental Local hC /dR 
T = 56°C 
Run 13 Run 1.4 
ReSc x 10" 2 dC*/3R 
ReSc n n - 2 
^7^X 10 
dc*/3i 
0-939 3 .00 
0 .988 3.17 
l.aOk 5-33 
1.10 3A5 
1.17 3 061 
1.24 3-74 
lo32 3-85 
1.42 4 . 0 2 
1.53 k.lk 
1.66 4 . 2 6 
1.82 4 . 3 8 
1.99 4 . 5 6 
2 . 2 4 4.77 
2„5it 5 . 0 3 
2 . 9 2 5*98 
3-^5 5»79 
4 . 1 9 6.34 
5.48 7 . 2 0 
6.40 7*90 
7*68 8.86 
1 0 . 1 1.0.3 
1 3 . 7 12 .5 
16 .6 1.4.0 
2 1 . 2 1 5 . 7 
29 -2 1-7.9 
4 7 , 1 2 1 , 0 
z w 
1.14 I.29 


















9.31 9- -'+6 
1.2.2 1.1.0 






T a b l e 3 7 . E x p e r i m e n t a l L o c a l dC*/dR 
T = 60°C 
Run 2 1 Run 22 Run 26 
c -2 -.n* /^,- ReSc n _-2 > * /> r ) ReSc n -2 ^ , * />,, 
- x 10 dC /dR /p x 10 dC /dR 7 /p x 10 dC /dR 
0 .3^9 - 2 . 8 2 0 . 8 4 1 - 1 . 2 8 1.00 0 . 4 7 8 
0 .365 - 2 . 5 6 0 . 8 8 - 0 . 5 8 4 1.05 3 . 7 7 
0 . 3 8 3 - 2 . 2 8 O.925 - 0 . 2 3 9 1 .11 O.381 
0 .405 - 1 . 9 5 0 .975 - 0 . 0 1 4 1.17 0 .439 
0 .428 - 1 . 4 7 1 .03 0 . 1 6 7 1.23 0.61.6 
OA54 - 1 . 1 7 1.09 0 .406 1 .31 0 .935 
0 .480 - 0 . 7 7 6 1.15 0 .645 1.38 1.38 
0.514 - O . 3 8 I 1.23 0 .863 1.48 1.79 
0 .552 0 . 0 1.33 1 .08 1.59 2 . 2 1 
0 . 5 9 ^ 0 .355 1.43 1.49 1 .71 2 . 7 4 
0 . 6 4 7 0 .739 1.56 1.96 1.86 3 .24 
0 .709 1 .01 1.70 2 . 4 4 2 . 0 3 3 -73 
0 .774 1.37 1.86 2 . 9 2 2 . 2 3 4.1.0 
0 .872 1.49 2 . 1 0 3-35 2 . 5 1 4 . 5 3 
0 . 9 8 7 1.94 2 . 3 7 3 - 9 1 2 . 8 4 s.o4 
1.14 2 . 2 9 2 . 7 3 h.53 3 . 2 7 5 .54 
1.34 2 . 7 0 3 . 2 3 5 .22 3 .86 6 . 1 6 
1.64 3 . 1 7 3*93 5 . 9 ^ 4 . 7 0 6 . 8 9 
2 . 1 4 3 . 7 0 5 .14 6 . 8 9 6 . 1 4 7 . 6 8 
2 . 4 9 4 . 0 6 5-99 7 . 6 8 7 .16 8 .15 
2 . 9 9 ^ 5 3 7 .20 8 . 8 8 8 . 6 0 8 .70 
3 »95 5 .15 9 .46 10 .5 1 1 . 3 9.5.3 
5 .52 6.26 1 2 . 8 1 2 . 7 1,5.3 1 0 . 7 
6 . 4 7 6 . 8 5 15 .6 14 .2 18 .6 11 .6 
8 .24 7 . 8 3 1 9 . 8 1.6.1 2 3 . 7 12 .6 
.1.4 9 .42 2 2 . 7 1 6 . 7 3 2 . 7 1 3 . 9 
.5 .0 12 .5 36.O 1.8.1 4 3 . 2 1 6 . 1 
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Table 38 . Experimental Average dC/dR 
T = 50°C 
Run 19 Run 28 Run 27 
ReSc n -2 
z7r~x 10 d C * / ^ 
ReSc -2 
—TfT- X 10 z/D dC*/dR 
ReSc . -2 
175- X 10 dc*/aR 
1 3 0 9 .02 33.6 1 8 . 9 53.3 ?3 .2 
1 0 . 0 8.27 2 0 . 0 1 5 . 1 4 0 . 0 19.7 
8 .00 8.20 13 0 3 1 4 . 8 2 0 . 0 16.5 
6 .6? 8.02 1 0 . 0 14 .2 13.3 I 4 . 9 
5.71 7.83 8.0 13,6 1 0 . 0 13.5 
5.00 7«64 6.67 13.0 8.0 12 .4 
4 . 4 4 7 .42 5-71 12 .5 5.33 10 .4 
4 . 00 7o25 3.00 1 2 . 0 4 . 0 0 9.19 
3.33 6 . 8 1 4 . 0 0 11 .2 3 . 0 0 8.30 
2.86 6 . 6 0 2.67 9-61 2.66 7.61 
2.35 6 . 2 3 2 . 0 0 8 .44 2 . 0 0 6.39 
2 , 0 0 5 .92 i . 6 o 7.53 1.78 6.03 
1.60 5 A 9 1.33 6.70 1.60 5.56 
1.33 5 o l 2 1.14 5.92 1.45 5.13 
1.14 4 . 8 2 1.00 5.16 1-33 4 .77 
I . 00 4 . 5 4 0.89 4 . 3 0 - -
0.89 ^ . 3 1 - - - -
0.80 4 . 0 8 - - - -
O067 3.71 - - - -
0..57 3.38 - - _ ,„ 
0.53 5.2.4 - - - -
0.50 2 . 9 0 - - - -
o.kk 2 .?8 - - - -
0 .39 2.27 
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Table 39 . Experimental Average dC /dR 
T = 55°C 
Run 2^ Run. 15 Run 24 
10"2 &*/&* ^ x 1 0 - 2 a c * / 3 R ReSc x 1 Q -2 ^ ^ 
2 0 . 0 13.2 4 0 . 0 16.2 42 .3 20.2 
13»3 11.5 2 0 . 0 13.5 32.0 18.7 
1 0 . 0 1 1 . 1 + 13.3 13.0 2 0 . 0 18.0 
8o00 11.3 1 0 . 0 12.6 1.3.3 16.6 
6067 10.7 8.00 11.5 1 0 . 0 1,5.3 
5o00 1.0.0 5-71 10 .2 8.00 14.3 
4 . 0 0 9J4 4 . 0 0 8.91 6.67 13.3 
2 .67 8.31 3.20 8.15 5.71 12.6 
2 o 0 0 7-55 2.67 7.55 5 . 0 0 1 2 . 0 
1.33 6.56 2 . 0 0 6.72 ij-.OO 10.9 
1.00 5.90 1.60 6.06 3.20 10.0 
0,80 5.26 1..3.3 5.57 2.69 9.24 
0.67 4.82 1.14 5.15 2 . 0 0 8.20 
0.51 kM 1.00 ^.85 1.60 7.44 
0»50 4o05 0.89 4.66 1.33 6 .78 
0.44 3.76 - - 1.14 6.29 
0 .40 3.'46 - - 1.00 5.85 
O.36 3.18 - - - -
0.35 3.02 - - - -
1.4 0 
Table 40. Experimental Average bC '/dR 
T = 56°C 
Run 13 Run. 14 
ReSc .. _-2 ^* /̂ D -^Jvr * 10 du /dR ReSc n -2 
i/T X 10 
acVdR 
57»0 2.4.2 
35 A 20.8 
20 .0 1-9-7 
I.3.3 17-7 
10.0 16.0 
8 . 0 14.6 




4 .00 10.7 
303 9*92 
2.86 9.21 






















Table 4 l . Experimental Average SC /^R 
T = 60°C 


















































































































COMPUTER PROGRAMS FOR NUMERICAL SCHEME 
AND GRAETZ EQUATION 
1̂ 3 
COMMENT MASS TRANSFER LANGHAAR VELOCITY PROFILE; INTEGER I, J, N, M; 
ARRAY C0NC(21,2), VEL(21, 2), Al(2l), A2(2l), A3(2l); SUBROUTINE VELOC; 
BEGIN IF SIGMA GTR 0.0143; GO TO BIG; GAMMA=EXP(2.89592-0.4l5LOG(1000 
(SIGMA))); GO TO JOE; BIG..IF SIGMA GTR 0.0947; GO TO LOU; GAMMA - (l)/ 
(0.11483 + 3-98(SIGMA)); GO TO JOE; LOU..GAMMA = EXP (1,444845-7.937642 
(SIGMA)); JOE..ARG = GAMMA; ENTER I£ERO; 101 = 10; IF ARG GTR 5.O; BEGIN 
WHY - 8.0(ARG); PART 1=(15.0)/ WEY; PART 2 = (3.5(Part l))/WHY; PART 3 
- (3.0(PART 2))/WHY; PART 4 = (8.25(PART 3))/WEY; PART 5 « (13.0(PART 4))/ 
WEY; 12 = ((EXP(ARG))(1.0-PART 1 + PART 2 + PART 3 + PART 4 + PART .5))/ 
SQRT(6.28318(ARG)); GO TO LYNN END; GAM= GAMMA/2; 12 = (GAM)(GAM)/2; Fl -
1.0; F2 = 2.0; 1=0; BACK.. 1= 1+1; S = 2 + 21; FL-I.F1; F2 =•• (S-l).F2; 
TEST =12; 12 = 12 + (((GAM)*S)/FI.F2)); IF I2-TEST GTR 1.0**-5; GO TC 
BACK; LYNN. 0 FOR ,!=•• (l,l,M-l); BEGIN ARC- « (GAMMA) (J-l) (E); ENTER IZERO; 
VEL (J,2) =- (I01-I0)/I2 END; RETURN; SUBROUTINE IZERO; BEGIN IF ARG GTR 
5.0; BEGIN EX = (8.0)(ARG); T ERM 1 = (1.0)/(EX); TERM 2= (4 ,.5/EX) (TERM l); 
TERM 3 ~ ((8.333333)/EX)(TERM 2); TERM 4 = ((12.25)/EX)(TERM 3); TERM 5 -
((16.2)/EX)(TERM 4); 10 = ((EXP(ARG)(l + TERM 1 + TERM 2 1 TERM 3 + TERM 4 
1 TERM 5))/(SQRT (6.283I8 ARG))); GO TO BOB END; I == 0; Fl - 1.0; 10 = 
1.0; ARG - ARG/2; BACK 1... I - I + 1; S + 21; F 1 - I.F1; F2 =•• F1.F1; TEST 
- 10; 10 - 10 + ((ARG)* Sl/.F2; IF IC-TEST GTR 1.0**-5; GO TG BACK 1; BOB.. 
RETURN END IZERO END VELOC; TRANS.. READ (($$DATA); FOR I = (l,l,M-l); 
BEGIN CONC(l,l)-0.0; VEL(l,l) - l.OEND; VEL (M,l) -•= CONC(M,l) - 0.5; SC -
7.0(T*-0.l85); L - 0; LAMDA = K/(E.H); LOOP 1.. L = L + K; SIGMA = L.SC; 
ENTER VELOC; FOR 1= (2,1,M-l); BEGIN Al(l) - (LAMDA/VEL(I,1)) (1 + (1.0/ 
(2.0(1-1)))); A2 (I) - 1 - (2LAMDA/VEL(I,1)); IF A2(E) LEQ, 0.0; GO TO TRANS; 
Ikk 
A3(I) = -A1(I) + (2LAMDA/VEL(I,1)) END; FOR I = (M-1,-1, 2); CONC(1,2) = 
A1(I)C0NC (I + 1) + A2(l)C0NC (1,1) + A3(l)CONC(1-1, l); CONC (M,2) = 1.0; 
VEL (M,2) = O.O; CONC (1,2) -•= (4C0NC (2,2) - CONG (3,2))/5; SLOPE = -5(4 
C0NC(M-l,2)-C0NC(M-2,2) -3); CAW = (EXP((-8670-795/T) + 26-59965))/(82.C6T 
(760.0)); DAB = (MEW)/((ROE)(SC)); NAW = (DAB)(CAW)(SLOPE)/RAD; C I - C2 = 
C3 = C4 = 0.0; FOR I + (2,2,M-l); BEGIN CI = CI + VEL (1,2) CONC (1,2) (I-l); 
C2 = C2 + VEL(I + 1,2)C0NC (I + l,2)l; C3 = C3 + VEL (l,2)(l-l); Ck = C4 + 
VEL (I + 1,2)1 END; CAB = 2(CAW - CAO) (2C1 + C2)/(2C3 + C4); NUAB - ((CAW 
- CAO)/(CAW - CAB))(SLOPE); WRITE ($$N01, FMTl); WRITE ($$N0 3, FMT3); 
WRITE ($$N04, FMT4); WRITE ($$FMT2A); FOR I = (l, 1, M); BEGIN R = (i-l) 
H; WRITE ($$N02, FMT 2B); CONC(I,l) = CONC (1,2); VEL (l,l) = VEL (1,2) 
END; IF SIGMA LEQ 0.24l8; GO TO LOOP 1; GO TO TRANS; INPUT DATA (M,H,K,1, 
PRESS,MEW,ROE,RAD,CAO); OUTPUT NO l(L,SIGMA, NAW, NUAB).; OUTPUT NO 2 (R, 
VEL (1,2),CONC (1,2)); OUTPUT NO .3 (GAMMA, CAB, SLOPE, CAW); OUTPUT NO 4 
(T, MEW, DAB, ROE); FORMAT FMTl(*L = *, Fl4.8,B5,* SIGMA = *, Fl4.8, B5, 
*NAW = *,Fl4.8,B5, *NUAB = *,Fl4.8,W0); FORMAT FMT2A(E6,*RADIUS*, El},* 
VEL0CITY*,B10,*CmCENTRATI0N*,W0); FORMAT FMT2B(B3,F14.8,B6,F14.3,B6 ,Fl4.8, 
WO); FORMAT FMT3(*GAMMA = *, Fl4.8,85 ,*CAB = *,Fl4.8,S5,*SLOPE = *,Fl4.8,3? , 
*CAW = *,Fl4.8,W0); FORMAT FMT4 (*T = *,Fl4 .8,B5, *MEW ---• *, Fl4.8,B.5, *DAB 
- *, Fl4.8,B5, *ROE - *, Fl4.8,W0); FINISH 
l4s 
COMMENT MASS TRANSFER GRAETZ SOLUTION PARABOLIC VELOCITY PROFILE; INTEGER 
I, J, M, N. ; TRANS..READ($$DATA); L = O.O; LOOP 1..IF L GEQ 0.01; L = L 
+ K + 0.008; L = L + K ; E 1 + EXP( -(2 .7043644 ) (2 .7043644 )L/2 ); E 2 = EXP 
( - ( 6 . 6 T 9 0 3 1 ^ ) ( 6 . 6 T 9 0 3 1 ^ ) L / 2 ) ; E3 = EXP(-( 10 .673379) (10 .673379)L/2) ; E4 =• 
EXP (- (14.671078)(1^ .671078)L/2) ; E5 = EXP(l(18.669872)(18.669872)L/2); E6 
= EXP(-(22 .669l^3)(22 .669l^3)L/2) ; E7 = EXP(-(260668662)(26.668662)L/2); 
E8 - E X P ( - ( 3 0 , 6 6 8 3 2 3 ) ( 3 0 . 6 6 8 3 2 3 ) L / 2 ) ; E9 = E X P ( - ( 3 4 . 6 6 8 0 7 4 ) ( 3 4 . 6 6 8 0 7 4 ) L / 2 ) ; 
E 1 0 - E X P ( - ( 3 8 . 6 6 7 8 8 3 ) ( 3 8 . 6 6 7 8 8 3 ) L / 2 ) ; E l l = EXP(-(42.66773*0 (42.667734) 
L / 2 ) ; Tl =-. ( - 1 . 0 l 4 3 ( 0 5 ) / ( ( -O.5008992)(2.7043644)) T2 = (1 .3492416)/ 
( (0 .371^623)(6.679031k)); T3 = ( - ! . 5 7 2 3 l 9 3 ) / ( ( - 0 . 3 l 8 2 6 4 5 ) ( l O , 6 7 3 3 7 9 ) ) ; 
T4 = (1.746 4 3 ) / ( ( o . 2 8 6 4 8 2 l ) ( l 4 . 6 7 1 0 7 8 ) ) ; T5 = ( -1 .89 8571) / ( ( -0 .2644906) 
(18.669872)) ; T6 = (2 .0 i£4667) / ( (0 .2479945) (22 .669 i43 ) ) ; T7 = (-2.1281648) 
/ ( ( -0 .2349676) (26 .668662) ; T8 = (2.229255 iO/( (0 .2243063)(30.668323)) ; T9 •= 
( -2 .32 l9^33) / ( ( -0 .2153^85) (3^-668074) ) ; T10 - (2 .40778l2) / ( (0 .2076688) 
(38 .66783)) ; T i l = ( -2 .4879083) / ( ( -0 .2009787) (42 .667734) ) ; Bl = Tl/((2.7043644) 
(2 .7043644)) ; B2 = T2/( (6.6790314) (6 .6790314)) ; B3 = T3./( (10.673379) 
(10.673379)) ; B4 = T 4 / ( ( i 4 . 6 7 i 0 7 8 ) ( i 4 . 6 7 1 0 7 8 ) ) ; BS=T5/ ( (18 .669872) (18 .669872) ) ; 
B6 - T6 / ( (22 .669 l43) (22 .6691^3) ) ; B7 = T7/ ( (26 .668662)(26 .668662)) ; B8 = T8/ 
( (30.668323)(30.668323)) ; B9 = T9/ ( (34 .668074)(34 .668074)) ; BIO = T io / 
( l33o667883)(38.667883)) ; B l l = T i l / (42 .667734) (42 .66773^) ) ; TOP- 2(E1.T1 
•f E2.T2 + E3.T3 + E4. T4 + E5. T5 + E6. T6 + E7. T7 + E8.T8 + E9.T9 + E10. 
110 + E l l . T i l ) ; BOT = 8(B1.E1 + B2.E2 + B3.E3 + B4 . E4 + B5. W> + S6„ E6 
+ B7- E7 + B8. E8 + B9. E9 + B 10. E 10 + B 11 . E l l ) ; HAWZ = (DAB)(TETAO) 
(TOP)/RAD); NUABZ - (TOP)/(BOT); NUABL = ( 1 . 0 / 4 L ) LOG(BOT); WRITE ($$N01, 
FMT1); IF L LEQ 0 . 4 0 ; GO TO LOOP 1; GO TO TRANS; INPUT DATA (K,DAB,TETAO, 
RAD); OUTPUT N01 (L,NAWZ,NUABZ, NUABL); FORMAT FMT1(*L := * , F l 4 „ 8 , B5,*KAWZ = 
*,Fl4 .8 ,B5,*NUABZ = * , F l 4 . 8 , B 5 , *NUABL = * , F l 4 . 8 , W O ) ; FINISH 
ike 
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Average Concentration Difference in Mass-Transfer Rate Equation 
The average Nusselt number for mass t ransfer is defined by equa-
t ion (28) as 
P~e p"e K r e 
^ A A = T; J ^AB>locdL = X J ^ g " ^8) 
For a system with constant physical proper t ies , equation (28) becomes 
L 
k = i - / k . dz (63) 
x,m L J x,loc ^ -^ 
p o 
Consider a differential length in a cylindrical pipe. The mass-transfer 
rate is 
did = ̂ >dXA^ = k 1 (itD)(X. - X., ) dz {6k) A Ab x,loc v " A w Ab' v ; 
Rearranging gives 
dXAb itD , , ^ 
k dz (65) XAv " XAb ^ X'l0C 
Integrating gives 
(XAw"XAbL } L 
P P d(XA - XA, ) n P
 P 
r ^ — w = *D r z (66) 
J X - X ^ X' 
•y Y "l Aw " Ab o 
•Aw " AboJ 
Substituting equation (62) and performing the integration gives 
ikQ 
1
 (XAw " W *D(kx m L ) 
In = £lE—£_ (67I 
<XAw "
 XAbL ) ^ ' ?' 
But "by equation (63) 
%-^XAbL " W (68) 
S u b s t i t u t i n g e q u a t i o n (68 ) i n t o e q u a t i o n (67) g i v e s 
(X. - X_ ) (itDL ) k (XA^T - XA^ ) 
, v Aw Aboy v v x .m v AbL-n Abo , , N 
7x x = \) v (69) 
[KAw XAbL ) W k 
P 
which r e d u c e s t o e q u a t i o n (29) 
k
X,m ^ V ^ A b L
 XAbo> 
Â = 7i T ~ V - = W A V t o 
/ Aw " AAbo 
I n —— 
N̂ Aw ™ XAbL 
where 
(Xfl, T - XA1_ ) ' AbL Abo ' 
^ A b W = / / , x ^ ^0) 
, Aw Abo 
In I ^ j 
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